/ID-A035  720  RFNSSELAER  POL  YTECf'NlC  INST  TROY  N Y DEPT  OF  ELECTRI--ETC  F/G  <»/l 
INTERFACE  STATES  IN  SC'-to'Uv  fAROIER  OIOOES.(U) 

AUG  76  J H BORREGO*  R J CUT 4AMN*  S ASHOK  F 19628-74-C-O 1 02 

UNCLASSIFIED  RADC-TR-76-J67  NL 


vivryfVTV 


RADC-TR-76-267 
Final  Technical  Report 
August  1976 


INTERFACE  STATES  IN  SCHOTTKY  BARRIER  DIODES 


Rensselaer  Polytechnic  Institute 


Approved  for  public  release;  distribution  unlimited 


This  research  was  supported  by  the  Defense  Nuclear  Agency 
under  Subtask  Z99QAXTB056,  Work  Unit  52,  entitled 
"Radiation  Effects  on  Solid  State  Microwave  Device  Structures 


ROME  AIR  DEVELOPMENT  CENTER 

AIR  FORCE  SYSTEMS  COMMAND 

GRIFFISS  AIR  FORCE  BASE,  NEW  YORK  13441 


This  report  has  been  reviewed  by  the  RAOC  Information 
Office  (01)  and  is  releasable  to  the  National  Technical  In- 
formation Service  (NTIS) . At  NTIS  it  will  be  releasable  to 
the  general  public,  including  foreign  nations. 

This  technical  report  has  been  reviewed  and  is  approved 


DONALD  A.  NEAMBN 
Contract  Monitor 


Unclassified 

SC  Cum  TV  CLASSIFICATION  QW  THU  »AQ  E (WhfT  Dim  Bnffd) 

(^?)REPORT  DOCUMENTATION  PAGE  ~ BEFOREDCOMPLETWG  form 

1 & OOVT  ACCESSION  NO.  3 RECIPIENT'S  CATALOG  NUMIER 


RAPCVTR-76-267 


JNTERFACE  J5TATES  IN  JCHOTTKY  MRRIERJIODES. 


[PONT  * PERIOD  COVERED 


• PERP^SSoTlR^IEPORT  NUMBER 


17  *UTMONf»J 


contract  on  grant  numbero; 


Jose  M. /Borrego,  Ronald  J. /Gutmann /S./Ashok 


BERPORMlNG  ORGANIZATION  name  ano  address 


Electrical  and  Systems  Engineering  Department 
Rensselaer  Polytechnic  Institute 


^19628-7^-0-^1^2/" 

PROGRAM  element,  project,  task 
AREA  A WORK  UNIT  NUMBERS 

62TDtm77^€DNA0025 


II.  CONTROLLING  OPPICE  NAME  ANO  ADDRESS  REPORT  DATE  ^ 

HQ,  Defense  Nuclear  Agency  fj^j)  / >/4willW  6*  pages 

Washington,  DC  20305  V— ’ f/_-J  77 

M.  monitoring  AGENCY  NAME  * ADORESSf/f  dllloro nf  from  ConWlln.  O/flc.;  IS.  SECURITY  CLASS,  fol  thl.  report; 

Deputy  for  Electronic  Technology  (RADC)  Unclassified 

Hanscom  AFB,  Massachusetts  01731- 

Monitor  A/alter  M.  Shedd/ETSD  oeclassi^ication/oowngrai 


>«.  0 EC  L ASSI  PI  CATION/ DOWN  GRADING 
SCHEDULE 


1 i«.  distribution  statement  (of  thit  Report) 


Approved  for  public  release;  distribution  unlimited. 


1 17.  DISTRIBUTION  STATEMENT  (ol  Hit  thtlrtcl  wt.ro d In  Block  70.  II  dllloronl  from  Report) 


is.  supplementary  notes 

This  work  sponsored  by  the  Defense  Nuclear  Agency  under:  Subtask  Code 

Z99QAXTB056  and  Work  Unit  52,  entitled  "gfdigtion  g!£ectssgnuSgligsState 

It.  KEY  WORDS  (Contlmto  on  to  mi  tldo  II  nocot  cot y m4  IBtnHIr  Or  Hock  numOoe) 

Schottky  barrier,  gallium  arsenide,  interface  states,  neutron  radiation 
effects,  transient  ionizing  radiation 


M.  ABSTRACT  (Conihmto  m rotor  to  tIOt  II  nocoooorr  ond  Mnllt  *7  Hock  mtmktr) 

The  change  in  the  electrical  characteristics  of  Al-GaAs  Schottky 
barrier  diodes  with  neutron  fluence  has  been  determined.  Al-nGaAs  Schottky 
barrier  diodes,  fabricated  from  epitaxial  and  bulk  mater^gl  with  carrier 
concentration  in  the  range  of  between  7 x l(j  ? to  8 x 1CT  cm  , were 
exposed  to  fast  neutron  irradiation  at  fluences  where  the  change  in  free 
carrier  concentration  was  less  than  20f>.  In  the  lighter  doped  diodes,  there 
was  a slight  change  in  the  forward  and  reverse  bias  I-V  characteristics  after 
Irradiation.  The  changes  in  the  T-V  charactarlatica  indicate i th»t  the 
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20.  Abstract  (Continued) 

density  of  interface  states  changes  during  irradiation.  The  interface  state 
density  is  approximated  by  a sharp  peak  of  between  3 x lO1^  to  1014  cm”2  eV-1 
located  at  near  the  zero  bias  Fermi  level  before  irradiation  and  after  the  low 
irradiation  the  density  of  interface  states  change  by  a factor  of  2 to  5 and 
becomes  less  peaked.  In  the  higher  doped  diodes,  the  reverse  current  change 
by  at  least  an  order  of  magnitude  while  the  forward  I-V  characteristics 
remained  essentially  the  same.  The  increase  in  reverse  current  is  caused  by 
high  field  emission  from  a trap  whose  energy  for  free  carrier  emission  is  of 
the  order  of  0. 3 eV  and  it  is  similar  to  the  one  found  previously  in  Au-nGaAs 
diodes. 

The  photo  current  of  the  Schottky  junction,  biased  near  and  at  avalanche 
breakdown, yWas  me^gured  under  transient  ionizing  radiation  at  dose  rates 
between  10  to  10  rads/sec.  The  photoresponse  of  the  Al^  diodes  to  ionizing 
radiation  is  similar  to  the  one  observed  in  diffused  pn  junctions  and  it  is 
not  affected  by  the  neutron  irradiation  at  the  low  fluence  used.  These 
results  indicate  that  IMPATT  diode  oscillator  aftereffects  observed  under 
transient  ionizing  radiation  are  not  due  to  the  Schottky  junction. 

The  effect  of  RF  circuit  tuning  and  of  bias  curcuit  tuning  in  producing 
IMPATT  diode  oscillator  aftereffects  under  transient  ionizing  radiation  were 
experimentally  evaluated.  Half  watt  Si  and  GaAs  X-band  IMPATT  diode  oscilla- 
tors were  tested  under  transient  ionizing  radiation  in  a tunable  disc-and-post 
type  waveguide  cavity.  The  results  indicate  that  the  principal  cause  of  the 
aftereffects  is  a device-circuit  interaction  and  is  related  to  the  impedance 
of  the  RF  circuit  and  not  the  bias  circuit  impedance.  Of  the  several  devices 
I tested,  the  GaAs  Schottky  IMPATTs  were  more  prone  to  the  aftereffects  than 
the  diffused  devices. 
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l.p  INTRODUCTION 


1.  L Overview 


Lium  arsenide  Schottky  barrier  junctions  have  become  increasingly 

important  in  a wide  variety  of  high  performance  GaAs  microwave  devices 

such  as  IMPATT  diodes,  Schottky  gate  FETs  and  RF  detectors.  Although 

neutron  irradiation  effects  on  silicon  Schottky  barrier  junctions  are 

fi  g 

well  documented  * ' no  detailed  results  have  been  reported  for  GaAs 
Schottky  junctions.^'  The  purpose  of  this  program  was  to  explore  the 
effect  of  fast  neutron  irradiation  on  the  metal  semiconductor  interface 
and  the  resultant  performance  of  Schottky  barrier  (including  with  transient 
ionizing  radiation).  Device  changes  at  neutron  fluences  where  the  reduc- 
tion in  free  carrier  concentration  is  less  than  20$  were  emphasized,  as 
larger  reductions  in  free  carrier  concentration  lead  to  gross  changes  in 
junction  properties  that  cannot  be  tolerated  in  most  applications.  Gold 
and  aluminum  were  selected  as  the  metals  for  forming  the  Schottky  junctions 
since  there  is  a large  variety  of  results  for  Au-GaAs  Schottky  junctions 
reported  in  the  literature,  which  could  be  used  for  comparison  purposes, 
and  because  the  Al-GaAs  junction  has  a lower  barrier  height  and  appears 
to  be  more  stable  than  the  Au-GaAs  interface . 

The  research  program  was  divided  into  two  pa^ts.  The  first  part  of 
the  program  was  concerned  with  the  study  of  the  Au-GaAs  interface  and 
lasted  12  months.  It  was  also  used  for  developing  an  appropriate  device 
test  structure,  which  eliminated  surface  leakage  current  effects,  and  for 
developing  automated  I-V  and  C-V  measurement  test  set-ups  which  permitted 
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fast  and  accurate  measurement  of  the  electrical  characteristics  of  the 
devices  tested  from  T7°K  to  400°K.  Hie  second  part  of  the  program,  which 

lasted  6 months,  was  concerned  with  the  changes  in  the  Al-GaAs  interface 

) 

as  well  as  with  experimental  study  of  the  influence  of  the  RF  and  bias 

circuits  on  producing  anomalous  aftereffects  on  IMPATT  diode  oscillators 

(5 ) 

observed  previously.  ' 

1.2  Summary  of  the  First  Part  of  the  Program 

As  mentioned  above,  the  first  part  of  the  program  was  concerned  with 

the  study  of  the  changes  that  take  place  at  Au-nGaAs  interface  with 

f 6 7 ) 

neutron  irradiation  and  the  results  have  been  reported  previously.  * 

The  following  summarizes  the  main  results  for  Au-nGaAs  Schottky  barrier 
diodes. 

The  reverse  I-V  characteristics  are  greatly  affected  by  neutron 
irradiation  at  fluences  where  the  change  in  free  carrier  concentration 
was  less  than  10 % while  the  forward  characteristics  are  less  sensitive 
to  neutron  irradiation.  Typically  the  n factor  at  forward  bias  changed 
from  1.01  in  unirradiated  devices  to  1.1  after  irradiation.  For  forward 
bias  and  for  small  reverse  bias  the  current  in  Au-nGaAs  diodes  is  caused 
by  thermionic  emission  and  any  changes  in  the  I-V  characteristics  can  be 
accounted  for  by  a change  in  the  density  of  interface  states.  Hie  experi- 
mental results  before  and  after  neutron  irradiation  indicate  that  the 
interface  state  density  model  of  Levine^  has  a small  range  of  validity 
when  carrier  concentration  and  temperature  are  varied.  In  particular, 
the  energy  distribution  of  interface  states  changes  from  a highly  peaked 
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distribution  near  the  zero  bias  Fermi  level  (peak  value  10  /cm  ev) 
before  irradiation  to  a more  uniform  distribution  of  lower  value 
(<vl01^/cm2  eV)  after  irradiation. 

The  observed  increase  in  reverse  current  (at  voltages  larger  than 
2 volts)  after  low  fluence  irradiation  was  found  not  to  be  due  to  con- 
ventional generation-recombination  as  has  been  found  in  silicon  Schottky 
barriers. ^ The  changes  observed  in  the  reverse  current  is  larger  in 
diodes  with  higher  doping  than  in  diodes  with  lighter  doping.  Further- 
more, the  reverse  current  was  found  to  be  more  voltage  dependent  and  less 
temperature  dependent  after  irradiation  than  before  irradiation,  indica- 
ting that  the  increase  in  reverse  current  is  due  to  a high  field  effect 
process.  Consideration  of  several  high  field  effect  processes  showed 
that  enhanced  field  emission  from  a trap  is  a likely  source  of  the  reverse 
current . 

Transient  ionizing  radiation  measurements  showed  that  the  behavior 

of  reverse  biased  Schotttky  diodes  under  transient  ionizing  radiation 

operating  below  or  in  the  avalanche  regime,  is  not  affected  by  neutron 

irradiation  and  it  is  similar  to  that  reported  previously  for  silicon 

(9) 

pn  junction  diodes.  ' Comparable  transient  ionizing  radiation  data  on 
Schottky  barriers  GaAs  IMPATT  oscillators  indicated  that  aftereffects 
observed  in  their  devices  are  not  exclusively  a junction  effect  but  that 
device-circuit  interactions  are  a likely  cause. 

1.3  Second  Part  of  the  Program 

The  second  part  of  the  research  program  had  two  objectives.  The 
first  one  was  to  determine  if  the  effects  observed  in  neutron  irradiated 
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Au-nGaAs  diodes  are  sensitive  to  the  type  of  metal  used  for  forming  the 
Schottky  barrier.  Aluminum  was  chosen  as  the  metal  to  be  used  because 
it  gives  a lower  barrier  height  and  it  appears  to  form  a more  stable 
interface  in  GaAs  than  gold  does.  The  second  objective  was  to  determine 
uhe  effect  of  the  RF  and  bias  circuits  on  the  occurrence  of  aftereffects 
under  transient  ionizing  radiation  of  IMPATT  diode  oscillators.  This 
final  report  presents  the  results  obtained  during  this  final  phase  of  the 
program. 

Chapter  2 contains  the  radiation  results  in  Al-nGaAs  diodes.  The 

test  instrumentation,  the  interface  state  model  for  the  Schottky  barrier 

and  the  data  reduction  scheme  used  for  interpreting  the  results  obtained 

are  similar  to  the  ones  used  for  Au-nGaAs  diodes,  it  is  not  repeated 

/c  \ 

here  since  it  has  been  reported  previously. ' ' Chapter  3 describes  the 
tests  and  results  obtained  in  determining  the  effect  of  RF  and  bias 
circuits  on  causing  aftereffects  during  transient  ionizing  radiation  of 
commercial  silicon,  diffused  and  Schottky  GaAs  IMPATT  diode  oscillators. 
The  last  chapter,  Chapter  4,  summarizes  the  results  obtained  during  the 
whole  program. 
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2.0  RADIATION  RESULTS  IN  Al-nGaAs  DIODES 

2.1  Device  Fabrication  and  Test  Instrumentation 

The  device  structure  used  was  the  same  as  the  one  developed  for  the 

Au-nGaAs  diodes  and  consists  of  four  diodes  on  a 0.100"  x 0.100"  chip. ^ 

Three  of  the  diodes  had  a guard  ring  in  order  to  prevent  surface  currents 

from  affecting  the  I-V  measurements.  An  enlarged  photograph  of  the  device 

chip  is  shown  in  Fig.  2.1.  The  center  dot  is  15  mils  in  diameter  which 

p 

corresponds  to  an  area  of  1.1  x 10  cm  . 

The  fabrication  procedure  used  was  similar  to  the  one  used  for  the 
Au-nGaAs  devices  with  a few  minor  modifications.  The  starting  material 
was  either  n bulk  GaAs  or  nn+  epitaxial  (100)  GaAs  wafers  with  carrier 
concentrations  in  the  range  of  7 x 10^  to  8 x 10"^  cm-^.  The  fabrica- 
tion sequence  used  was  as  follows:  the  back  contact  was  formed  by- 

evaporating  6000  A0  indium  on  the  back  of  the  wafer  followed  by  alloying 
at  350°C  for  two  minutes  in  a forming-gas  atmosphere.  The  Schottky 
barrier  contact  was  formed  by  evaporating  1000-2000  A°  of  A1  with  the 
wafer  heated  at  150°C.  Before  the  aluminum  evaporation  the  GaAs  surface 
was  carefully  cleaned  with  HC1,  rinsed  with  methanol  and  blown  dry  with 
filtered  air.  The  device  test  structure  was  defined  by  etching  the 
aluminum  film  from  the  unwanted  areas  using  photolithographic  techniques. 

The  etch  used  for  removing  the  aluminum  was  Transene  Type  D Aluminum 
etchant  which  is  nitric  acid  free  and  does  not  attack  the  GaAs.  The 
photoresist  was  removed  with  Trichloroethylene  by  scrubbing  the  wafer  with 
a Q-tip.  The  next  step  was  scribbing  the  wafer  to  separate  the  0.100"  x 
0.100"  chips.  The  chips  were  mounted  on  TO-5  headers  with  a silver  epoxy  and 


Fig.  2.1.  Photograph  of  top  surface  of  Schottky  barrier  device  chip 
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cured  overnight  at  a temperature  between  100  and  125°C.  Gold  wires  were 

bonded  between  the  terminals  of  the  TO-5  headers  and  the  device  terminals. 

Using  the  above  procedures  Al-nGaAs  were  fabricated  with  forward  and 

reverse  current  characteristics  comparable  to  or  better  than  the  ones 

reported  in  the  literature. ^ 10 ^ Table  2-1  presents  a summary  of  the  room 

temperature  characteristics  of  the  three  series  of  A1  devices  fabricated 

during  this  part  of  the  program. 

The  electrical  characteristics  of  the  devices  before  and  after 

irradiations  were  determined  using  the  test  facilities  developed  during 

the  first  part  of  the  program  and  described  in  detail  in  a previous 

report. ^ The  facilities  allowed  automated  swept  DC  I-V  and  1 MHz  C-V 

characteristics  to  be  measured  between  77°K  to  400°K  with  great  rapidity 

and  high  resolution  in  current,  voltage  and  capacitance. 

The  fast  neutron  irradiations  were  carried  out  at  the  BMR  reactor 

at  BNL.  The  devices  were  irradiated  to  two  different  neutron  fluences. 

2 

A low  neutron  fluence  of  3.6  x 10  n/cm  was  used  in  the  lightly  doped 

15  2 

devices  and  a high  neutron  fluence  of  2.2  x 10  3 n/cm  was  used  in  the 
highly  doped  devices.  With  the  above  neutron  fluences  the  change  in  free 
carrier  concentration  was  less  than  20j&  and  it  will  be  described  in 
detail  later  in  the  report. 

Transient  ionizing  radiation  testing  was  performed  at  the  linear 
accelerator  facility  at  AFCRL.  The  accelerator  generated  a 10  MeV 

o 

electron  beam  of  100  nanosecond  duration  with  dose  rates  between  10  to 
1010  rads/sec.  The  photocurrent  and  voltage  across  the  diode  during  the 
radiation  pulse  were  recorded  with  the  diodes  in  an  evacuated  chamber  to 


Table  2-1  - Room  Temperature  Characteristics  of  Al-nGaAs 
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prevent  air  ionization  from  affecting  the  measurements.  The  electron 
beam  dose  rate  was  determined  using  a calibrated  PIN  diode  radiation 
detector.  During  the  testing  the  radiation  pulse  was  monitored  by  means 
of  a Faraday  cup.  The  results  of  these  tests  are  described  in  Section 
2.6  of  this  report. 

2.2  I-V  Characteristics 

The  forward  and  reverse  bias  I-V  characteristics  for  device  series 
1E16-1  before  and  after  the  low  fluence  irradiation  are  shown  in  Figs.  2.2 
and  2.3.  The  data  shows  that  the  forward  characteristics  changed  slightly 
with  the  low  neutron  fluence,  the  n factor  changed  from  1.02  before  irra- 
diation to  1.03.  Figures  2.4  and  2.5  are  Richardson  plots  of  I /iP  vs. 

s 

l/T  where  T is  the  absolute  temperatures  and  I is  the  leakage  current 

s 

obtained  by  extrapolating  the  forward  bias  I-V  characteristics  to  the 
V = 0 intercept.  Before  irradiation  the  barrier  height  0_  is  0.725  eV 

D 

* / 2 o 2. 

and  the  Richardson  constant  A has  a value  of  9.1  A/cm  - K , which 

corresponds  very  closely  to  the  theoretical  value  of  8 assuming  a reduced 

effective  mass  of  0.067.  After  irradiation,  the  barrier  height  0O  is 

13 

* 

0.733  eV  and  A is  close  to  10.  Hie  above  results  indicate  that  Al-nGaAs 
diodes  are  less  sensitive  to  low  neutron  irradiation  than  Au-GaAs. 

The  reverse  current  characteristics  above  room  temperature  did  not 
change  after  Irradiation.  At  lower  temperatures  and  reverse  voltages 
larger  than  2 volts,  the  reverse  current  increased  typically  by  a factor 
of  2 to  3 after  the  low  neutron  fluence.  Hie  large  change  observed 
previously  in  the  reverse  characteristics  of  Au-nGaAs  and  not  observed 
in  the  Al-nGaAs  diodes  at  low  neutron  fluence  is  due  to  the  smaller 
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. Forward  and  reverse  bias  I-V  characteristics  of  1E16-1 
before  irradiation 


id10  90  100  ISO  2 


FORWARD  VOLTAGE  (mV) 

12  3 4 9 

REVERSE  VOLTAGE  (V) 

Fig.  2.3.  Forward  and  reverse  bias  I-V  characteristics  of  1E16-1 
after  irradiation 
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Fig.  2.5  Richardson  plot  of  1 /T?  vs.  1/T  of  1E16-1  after  Irradiation 
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barrier  height  of  the  A1  devices  (0.72  eV  as  compared  to  0.9  eV  for  the 
Au  devices). 

Although  the  reverse  characteristics  of  the  device  series  1E16-1  did 
not  change  appreciably  at  the  low  neutron  fluence,  it  was  found  that  the 
higher  doped  devices  (series  316)  showed  a larger  increase  in  the  reverse 
current  at  the  same  low  neutron  fluence.  Figure  2.6  shows  the  reverse 
characteristics  of  one  of  these  devices  before  and  after  irradiation. 

At  room  temperature  there  is  a marked  increase  in  the  reverse  current, 
at  least  an  order  of  magnitude,  with  the  increase  less  at  higher  tempera- 
tures. Furthermore,  the  reverse  current  shows  to  be  less  temperature 
dependent  after  irradiation.  This  excess  current  is  believed  to  be  due 
to  field  emission  from  traps  and  it  is  analyzed  in  Section  2.4. 

2.3  C-V  Characteristics 

Hie  1 MHz  forward  and  reverse  bias  C-V  characteristics  were  used  for 
determining  the  carrier  removal  rate  after  irradiation.  Figure  2.7  shows 
l/C^  vs.  V at  small  reverse  voltages  for  device  1E16-1.  The  carrier 
removal  rate  for  this  device  was  determined  to  be  7 cm-'*'.  The  carrier 
removal  rate  ranged  from  7 cm-^  for  the  lightly  doped  devices  to  13  cm-1 
for  the  heavier  doped  diodes.  Figure  2.8  shows  a plot  of  the  carrier 
removal  rate  for  the  several  A1  devices  fabricated.  For  comparison,  we 
show  the  carrier  removal  rate  for  two  Au  devices  previously  reported. 

Since  the  carrier  removal  rate  was  determined  for  reverse  bias  voltages 
between  0 to  1 volt,  the  data  indicates  that  the  carrier  removal  rate 
close  to  the  metal-semiconductor  interface  depends  upon  the  nature  of  the 
interface,  although  more  data  would  be  desirable  to  confirm  this  conclusion. 
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REVERSE  VOLTAGE ( V) 


Fig.  2.6  Reverse  bias  I-V  characteristics  of  316  before  and 
after  irradiation 
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Fig.  2.7  1/C2  vs.  V near  zero  bias  for  1E16-1  before  and  after 
irradiation 
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The  l/C  vs.  V.  plot  for  the  series  of  devices  shows  a deviation 
from  a straight  line  for  reverse  voltages  larger  than  0.5  to  1 volt,  as 
it  was  found  in  the  Au  devices.  This  deviation  was  attributed  to  a change 
in  the  charge  state  of  a deep  level  and  it  seems  to  be  common  to  both  the 
Au  and  A1  devices. 

2.4  Excess  Reverse  Current 

As  mentioned  in  Section  2.2,  the  higher  doped  diodes  showed  an 
appreciable  increase  in  the  reverse  current  after  irradiation.  Figure 
2.9  shows  the  increase  in  reverse  current  as  a function  of  voltage  after 
low  fluence  irradiation  for  both  Au  and  A1  devices  made  from  similar 
starting  material.  This  data  shows  that  the  increase  in  reverse  current 
is  due  to  the  same  mechanism  since  the  Au  and  A1  devices  had  quite 
different  reverse  current  before  irradiation.  As  was  described  in  a 
previous  report, ^ this  increase  in  current  is  due  to  field  emission  from 
traps  at  the  metal-semiconductor  interface  introduced  by  the  radiation 
damage.  Figure  2.10  shows  the  excess  reverse  current  as  a function  of 
the  electric  field  at  the  interface.  The  data  shows  that  the  excess 
current  is  larger  in  the  A1  devices  than  in  the  Au  devices  for  the  same 
electric  field.  Since  the  two  curves  are  displaced  along  the  current 
axis,  it  indicates  that  the  number  of  traps  which  are  emitting  the  carriers 
is  larger  by  a factor  of  two  in  the  A1  devices  as  compared  to  the  Au 
devices.  The  energy  of  the  barrier  0^.  for  field  emission  for  the  A1  devices 
was  found  to  be  very  close  to  the  barrier  0t  found  previously  in  the  Au 
diodes  (0t^  0.3  eV  at  room  temperature). 
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ELECTRIC  FIELD  (l05V/cm) 

Fig.  2.10  Increase  in  reverse  current  as  a function  of  peak 
electric  field  at  the  interface 


Since  the  lowest  doped  diodes  like  the  1E16  series  of  devices  did 
not  show  the  increase  in  reverse  current  observed  in  the  3^6  series  of 
devices,  we  conclude  that  it  is  necessary  to  have  both  neutron  damage 
and  donors  in  order  to  produce  traps  capable  of  increasing  the  reverse 
current  by  field  emission.  This  appears  to  be  more  critical  in  the  A1 
devices  since  the  lower  barrier  height  gives  a larger  reverse  current 
before  irradiation. 

2.5  Density  of  Interface  States 

Using  the  I-V  and  C-V  characteristics  of  the  devices,  we  determined 
the  interface  state  density  before  and  after  irradiation  using  the 
techniques  described  in  a previous  report. ^ A computer  program 
developed  for  reducing  the  data  to  obtain  the  electric  field  at  the  inter- 
face, the  change  in  barrier  height  and  the  density  of  interface  state  is 
given  in  Appendix  I.  Figure  2.11  shows  the  electric  field  at  the  inter- 
face E as  a function  of  change  in  barrier  height  A 0t>j  corrected  for 
image  force  barrier  lowering,  before  and  after  irradiation  for  device 
1E16-1.  Hie  density  of  interface  states  N as  a function  of  A0.,  is 
shown  in  Fig.  2.12  for  the  same  device.  The  curves  show  the  same  features 
as  the  one  previously  found  for  the  Au-GaAs  devices.  Before  irradiation 
the  N is  highly  peaked  at  the  zero  bias  Fermi  level.  After  irradiation 

SS 

the  distribution  is  less  peaked  and  of  reduced  value. 

2.6  Transient  Ionizing  Radiation  Results 

Transient  ionizing  radiation  photocurrent  measurements  were  taken 
with  the  aluminum  devices  in  an  evacuated  chamber,  with  results  in 
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Fig.  2.11  Peak  electric  field  at  the  interface  as  a function  of 
change  in  barrier  height 


Pig.  2.1 2 Density  of  interface  states  before  and  after  irradiation 
as  a function  of  change  in  barrier  height 
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substantial  agreement  with  the  earlier  gold  diode  data.  For  simplicity, 
only  the  low  47  ohm  impedance  bias  circuit  was  used.  The  results  at  a 
dose  rate  of  8 x 10^  rads/sec.  for  aluminum  and  gold  Schottky  for  the 
316  series  are  summarized  below. 


Au  A1 


2 

Prior  Neutron  Irradiation  (n/cm  ) 

None 

2.2  x 1015 

None 

2.2  x 1015 

Bias  Conditions  (47  ohm  impedance) 

V3 

.3  V 

.3  v 

.3  v 

.3  v 

Vfi  (0.1  mA) 

.4  V 

.45  V 

.4  V 

.4  V 

100  mA 

10  mA 

20  mA 

20  mA 

20  mA 

In  all  test  conditions  the  voltage  and  current  decreased  to  preirradiation 
conditions  within  20  nanoseconds  after  removal  of  the  radiation  pulse. 
Other  aluminum  behaved  similarly,  in  substantial  agreement  with  the 
comparable  gold  Schottky  diodes,  and  with  little  change  after  neutron 
irradiation. 

It  is  concluded  that  neutron  irradiations  had  little  effect  on  the 
transient  ionizing  radiation,  the  aftereffects  are  definitely  not  a result 
of  the  Schottky  junctions  itself  (no  anomalous  aftereffects  found  at  high 
reverse  current  and  dose  rate),  and  gold  and  aluminum  GaAs  Schottky  diodes 
behave  similarly. 


* 
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3.0  IMPATT  DIODE  AFTEREFFECTS 

Although  many  of  the  effects  of  transient  ionizing  radiation  on 
IMPATT  oscillators  sure  well  documented,  anomalous  aftereffects  have 
been  occasionally  reported^’^^  that  are  not  well  understood.  If  these 
solid  state  microwave  sources  sure  to  be  used  in  reliable  radiation 
hardened  systems,  the  aftereffects  must  be  controlled.  The  term  "after- 
effects" is  used  whenever  the  oscillator  does  not  regain  preirradiation 
characteristics  following  the  ionizing  radiation  pulse,  even  though 
irreversible  device  changes  need  not  occur.  Unlike  previous  investiga- 
tions, we  have  been  able  to  control  the  occurrence  of  these  aftereffects 
by  RF  circuit  tuning  and  by  bias  circuit  tuning  during  this  program. 
Although  necessary  and  sufficient  conditions  for  the  aftereffects  are 
still  not  known,  these  measurements  of  the  relationship  between  IMPATT 
diode,  RF  cavity  and  bias  circuit  indicate  that  transient  ionizing  radia- 
tion can  be  detrimental  to  some  IMPATT  oscillators  at  dose  rates  above 
2 x 10^  rads/sec.  These  experimental  results  are  a key  contribution  to 
the  understanding  of  aftereffects  in  IMPATT  diodes  as  well  as  the  even- 
tual control  of  the  phenomenon. 

3.1  Devices  Tested  and  Test  Set-up 

In  this  work  500  milliwatt  silicon  and  gallium  arsenide  X-band  IMPATT 
diodes  were  evaluated,  with  typical  diode  characteristics  given  in  the 


table  below: 


2 6 


Diode  No. 

Diode  Type 

Vbr  (volts) 

C^br  (Pfd) 

I 

max 

301 B 

Si -double  epi 

78 

O.76 

93 

22  A4 

GaAs-diffused 

64 

1.26 

100 

1B10 

GaAs-Schottky 

49 

O.83 

105 

One  or  two  devices  of  each  type  was  tested  as  described  below,  although 

previous  experience  with  these  devices indicates  that  the  devices  are 

representative  of  those  commercially  available. 

The  RF  test  set-up  is  similar  to  that  described  in  detail 

previously. ^ ^ The  disc-and-post  type  waveguide  cavity  was  tuned  by 

changing  the  length  of  a sliding  short  "behind"  the  diode  (additional 

tuning  by  changing  disc  diameter  was  also  used  but  kept  fixed  during  the 

testing  reported).  The  bias  circuit  impedance  was  adjusted  by  inserting 

lengths  of  coaxial  cable  between  the  diode  and  the  bias  box  (consisting 

of  passive  circuit  components  used  to  provide  the  proper  DC  resistance 

and  to  allow  diode  voltage  monitoring  during  the  irradiation  pulse). 

With  this  variable  length  of  cable,  the  bias  circuit  impedance  at  the 

diode  terminals  was  adjustable  in  the  frequency  range  of  10  to  100  MHz, 

(1R) 

where  bias  circuit  oscillations  usually  occur.  In  all  these  experi- 

ments, the  circuit  parameters  were  carefully  adjusted  until  the  RF  and 
frequency  of  oscillation  varied  smoothly  with  bias  current  while  main- 
taining a clean  RF  spectrum,  that  is,  the  IMPATT  oscillators  were  well- 
behaved  prior  to  irradiation. 

3.2  Influence  of  Bias  Circuit 

In  a recent  scientific  report, ^ the  possible  effect  of  bias  circuit 
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impedance  on  aftereffects  was  described  conceptually.  The  approach 
followed  that  of  Brackett^1^  and  indicated  the  observed  sensitivity  of 

GaAs  IMPATT  diodes  to  aftereffects.  In  these  experiments  we  controlled 

» 

the  bias  circuit  impdance  by  varying  the  length  of  cable  between  the 
325  ohm  bias  network  and  the  60  pF  bypass  capacitor  at  the  diode.  The 
bias  circuit  impedance  as  a function  of  frequency  is  shown  in  Fig.  3-1 
along  with  the  impedance  locus  of  a typical  GaAs  IMPATT.  Hie  length  of 
cable  in  the  bias  circuit  obviously  causes  the  GaAs  IMPATT  to  be  suscep- 
tible to  bias  circuit  oscillations.  The  test  results,  shown  in  detail  in 
Section  3*3*  demonstrate  that  the  bias  circuit  is  NOT  a principal  cause 
of  the  aftereffects.  However,  improper  bias  circuit  impedances,  as 
described  recently, ^ combined  with  conditions  permitting  aftereffects 
can  lead  to  device  failure. 

3-3  Influence  of  RF  Circuit 

The  disc-and-post  type  waveguide  cavity  has  been  used  throughout 
these  programs  because  of  the  ease  of  IMPATT  diode  tuning.  The  mechanical 
tuning  is  accomplished  principally  by  varying  the  disc  diameter  and  the 
length  of  the  sliding  short  "behind"  diode-loaded  disc.  The  tuning 
allows  a conjugate  match  between  the  diode  and  circuit  impedances  to  be 
achieved,  a necessary  condition  for  stable  oscillations.  In  addition, 
the  Q,  of  the  circuit  at  the  fundamental  frequency  and  the  circuit  impe- 
dance at  harmonic  frequencies  are  changed  as  the  tuning  adjustments  are 
varied.  In  this  section,  we  report  on  measurements  taken  with  only  the 
sliding  short  position  varied  (by  about  a half  givide  wavelength  at  the 
frequency  of  oscillation),  i.e.,,  the  disc  diameter  is  unchanged. 
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Fig.  3.1  IMPACT  diode  bias  circuit  lnpedance  as  a 
function  of  frequency 
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The  gallium  arsenide  Schottky  diode  (1B10)  was  tuned  with  the  sliding 
short  close  to  the  diode  with  the  oscillator  being  well-behaved  as 
described  in  Section  3.1  (short  position  .750  cm).  Aftereffects  did  not 
occur  at  the  highest  dose  rate  used,  7 x 10^  rads/sec.  as  shown  in 
Fig.  3.2.  The  RF  power  reduces  to  near  zero  during  the  radiation  pulse 
due  to  the  effective  leakage  current  generated  by  the  ionizing  radiation 
and  cavity  ionization.  All  microwave  testing  was  done  with  air-filled 
cavities,  the  difference  between  evacuated  and  air-filled  cavities  being 
previously  reported. Although  there  is  a small  time  delay  required 
before  the  RF  amplitude  builds  up  to  the  steady  state  value  after  the 
radiation  pulse,  the  RF  power  clearly  returns  to  its  preirradiation 
value  (as  does  the  RF  frequency,  bias  voltage  and  other  electrical 
characteristics).  This  lack  of  aftereffects  was  observed  for  all  cable 
lengths  inserted  in  the  bias  circuit  at  this  sliding  short  position, 
indicating  that  the  bias  impedance  could  not  induce  the  aftereffects. 

After  extending  the  sliding  short  by  one-half  guide  waveguide, 
almost  identical  preirradiation  RF  tuning  was  observed.  However,  after 
the  irradiation  pulse  the  RF  power  reduced  from  280  mW  to  120  mW  while 
the  frequency  increased  from  9- 5^  to  9.95  GHz  and  the  bias  voltage 
increased  by  0.7  volt.  The  RF  power  change  is  shown  in  Fig.  3-3A  and 
the  bias  voltage  change  in  Fig.  3-^A.  The  slight  increase  in  bias 
voltage  after  the  radiation  pulse  (compared  to  the  preirradiation  value) 
is  consistent  with  the  lower  amplitude  of  RF  oscillation.  With  a 5 foot 
coaxial  cable  inserted  between  the  diode  and  the  bias  box,  29  MHz  bias 
circuit  oscillations  were  observed  in  addition  to  the  power  and  frequency 
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I B 10  - Sliding  short  ■ 0-750  cm 

■ J_  7XI09  RADS/SEC/DIV 

“J“  90  mW/DIV 

(A) 

— *•  100  nSEC/DIV 

■ J_  7 X I09  RADS/SEC/DIV 

90  mW/DIV 

(B) 

(A)  No  oxtro  coblo  longth 
(B)  5 foot  of  coblo  Inoortod 

Fig.  3.2  KF  power  of  GaAs  Schottky  tuned  without  aftereffects 
A.  No  extra  cable  between  diode  and  bias  box 
B.  Five  feet  of  cable  inserted 


I B 10  - Sliding  short  ■ 2*880  cm 


1 7 X I09  RADS/SEC/DIV 
J 90  mW/DIV 


lOOnSEC/DIV 


1.7XI09  RADS/SEC/DIV 
J90  mW/DIV 


(A)  No  extra  cable  length 


(B)  6 feet  of  cable  inserted 


Fig.  3.3  RF  power  of  GaAs  Schottky  tuned  with  aftereffects 
A.  No  extra  cable  between  diode  and  bias  box 


B.  Five  feet  of  cable  inserted 
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r IB  10  - Sliding  short  ■ 2 880  cm 

■I  2 V/DIV 

3 

(A) 

— HOOnSEC/DIV 

■ _[_  2 V/DIV 

I 

(B) 

(A)  No  oxtro  cobto  Isngth 
(B)  5 foot  of  coblo  Insorfod 

Fig.  3.4  Bias  voltage  of  GaAs  Schottky  tuned  with  aftereffects 
A.  No  extra  cable  between  diode  and  bias  box 
B.  Five  feet  of  cable  inserted 
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change.  The  bias  oscillations  are  apparent  in  the  RF  power  photograph 
shown  in  Fig.  3.3B,  as  well  as  in  the  diode  voltage  photographs  in 
Fig.  3.4b.  In  addition,  the  classic  bias  oscillation  spectrum  was 
observed  after  radiation  using  a spectrum  analyzer.  The  spectrum  was 
"clean''  otherwise  and  was  not  noisy  with,  or  without,  the  bias  circuit 
oscillations. 

In  all  cased  where  aftereffects  were  observed,  the  original  RF 
characteristics  could  again  be  obtained  by  lowering  the  bias  current. 

In  particular,  there  were  no  diode  failures  as  sometimes  reported. ^ 

It  should  be  emphasized  that  (l)  the  RF  power  and  frequency  tuned  smoothly 
with  bias  current  while  maintaining  a clean  spectrum  prior  to  irradia- 
tion at  all  test  conditions  used  and  (2)  these  irradiation  aftereffects 
could  then  be  reproduced  without  difficulty.  The  aftereffects  were 
obtained  reproducibly  with  preirradiation  RF  powers  greater  than  200  mW 
and  dose  rates  greater  than  2 x 10^  rads/sec. 

Similar  RF  and  bias  circuit  tuning  and  irradiation  testing  was  done 
with  the  GaAs  diffused  diode  (22A4)  and  the  Si  diffused  diode  (301B). 
Although  less  dramatic  and  potentially  less  harmful,  aftereffects  (RF 
power  reduction  and  frequency  change)  could  be  observed  if  (1)  the  diode 
bias  current  was  set  only  slightly  below  the  value  for  power  saturation 
and/or  spectrum  deterioration  and  (2)  high  dose  rates  (^8  x 10^  rads/sec  ) 
were  imposed.  The  GaAs  diffused  diode  was  more  prone  to  aftereffects 
than  the  Si  diffused  diode,  although  the  aftereffect  susceptibility  was 
much  greater  in  the  GaAs  Schottky  IMPATT  than  either  of  the  diffused 
diodes.  The  dependence  of  the  aftereffects  upon  sliding  short  position 
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was  observed,  but  bias  circuit  oscillations  were  not  observed  for  these 
diodes.  In  fact,  the  extra  cable  length  had  little  effect  on  these  after- 
effects. 

At  the  power  levels  near  power  saturation  and  at  high  dose  rates, 
aftereffects  in  these  two  diffused  diodes  were  sensitive  to  bias  current 
level  and  tuning.  As  shown  in  Figures  3.5  and  3.6  for  the  GaAs 
diffused  and  Si  diffused  diodes,  aftereffects  were  not  observed  with  the 
extra  cable  length  for  the  particular  test  conditions  shown.  This  data 
should  not  be  interpreted  as  implying  that  the  cable  tends  to  quench  the 
aftereffects  (additional  data  not  shown  confirms  these  conclusions),  but 
only  that  (1)  the  occurrence  of  aftereffects  was  sensitive  to  circuit 
parameters  near  power  saturation  and  at  high  dose  rate  and  (2)  the  bias 
circuit  impedance  locus  in  the  10-100  MHz  frequency  range  is  not  a 
principal  cause  of  the  aftereffects. 

In  addition,  the  data  with  the  Si  and  GaAs  diffused  diodes  confirms 
the  IMPATT  diodes  are  prone  to  the  aftereffects  with  the  sliding  short 
far  from  the  diode  in  the  disc-and-post  type  RF  circuit.  Less  extensive 
testing  performed  at  sliding  short  positions  near  the  diode  with  diodes 
22 A4  and  301B  did  not  yield  aftereffects  under  similar  drive  levels  and 
dose  rates. 

3.4  Phenomenological  Explanation  of  Results 

We  have  demonstrated  experimentally  that  (l)  bias  circuit  instability 
is  not  a principal  cause  of  the  aftereffects  and  (2)  aftereffects  depend 
upon  "second  order"  effects  of  the  RF  cavity  (i.e.,  on  sliding  short 
position  of  the  waveguide  disc-and-post  cavity  either  though  similar 


jy 


Z 2 A 4 - Sliding  short«3IOO  cm 
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— ► K>0  nSEC/01  V 


2 7X  K?  RADS /SEC/ DIV 
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T 90  mW/DIV 


(A)  No  oxtro  cobit  length 

(B)  5 feet  of  cobit  inttrftd 


Fig.  3.5  RF  power  of  GaAs  diffused  tuned  with  aftereffects 

A.  No  extra  cable  between  diode  and  bias  box 

B.  Five  feet  of  cable  Inserted 


301  B- Sliding  short  >2 
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5 X 10  RADS/ SEC /DIV 
100  mW/DIV 


(B) 


(A)  No  oxtra  ca bit  Isngth 

(B)  5 foot  of  coblo  insortod 

Fig.  3.6  RF  power  of  Si  tuned  with  aftereffects 

A.  No  extra  cable  between  diode  and  bias  box 

B.  Five  feet  of  cable  inserted 
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preirradiation  oscillator  characteristics  are  observed).  Three 
reasonable  explanations  can  be  put  forth  which  have  been  observed 
previously  in  iMPATT  oscillators. 

1.  parametric  stabilities  as  described  by  Hines^  l l ; and  Schroeder . 1 ^ 

2.  frequency  jumping  as  described  originally  by  Slater^  and 

(17) 

recently  by  Kurokawa. v 

3.  harmonic  effects  as  described  by  Mouthaan ^ ^ and  Brackett. 

In  this  section  we  present  a brief  description  of  each  effect  and  discuss 
the  feasibility  of  each  phenomenon  being  a principal  cause  of  the  after- 
effects with  transient  ionizing  radiation. 

Parametric  instabilities  are  generally  ascribed  to  the  nonlinear 
inductive  reactance  effect  in  the  avalanche  process.  Besides  the  main 
oscillator  output  (considered  as  a pump  in  theoretical  treatments  ^ ') , 
a low  level  auxiliary  signal  or  noise  is  required.  Due  to  the  nonlinear 
inductance,  the  usual  parametric  effects  (normally  desired  with  the 
nonlinear  capacitance  of  a varactor  such  as  mixing,  up  conversion,  etc.) 
occur.  Since  the  waveguide  diso-and-post  type  waveguide  cavity  is  still 
not  well  characterized  the  stability  requirements  developed  by  Schroeder^1^ 
cannot  be  applied  directly.  However,  parametric  instabilities  are  usually 
accompanied  by  auxiliary  spectral  responses  and/or  noisy  spectrum.  Since 
the  RF  spectrum  observed  after  the  irradiation  induced  aftereffects  was 
clean,  i.e.,  the  main  spectrum  line  was  narrow  and  there  were  no  auxiliary 
responses  (except  for  the  classic  bias  oscillation  spectrum  with  the  GaAs 
Schottky  and  the  5 foot  cable  in  the  bias  circuit)  across  the  band 
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(8.2-12.4  GHz),  we  conclude  that  parametric  instabilities  are  an  improb- 
able cause  of  the  aftereffects. 

Frequency  jumping  is  usually  a result  of  the  diode  impedance  and  the 
microwave  circuit  locus  intersecting  in  more  than  one  stable  operating 
point.  As  a result,  the  actual  operating  point  depends  upon  the  history 
of  the  oscillator. In  the  case  of  interest,  the  circuit  impedance 
locus  is  expected  to  be  a stronger  function  of  frequency  as  the  sliding 
short  is  positioned  further  from  the  diode  (higher  Q.  circuit).  The  device 
impedance  is  known  to  be  dependent  upon  level  of  oscillation  and  leakage 
current  as  required.  When  the  oscillator  is  normally  tuned,  the  bias 
current  is  slowly  increased,  and  as  required  in  the  tuning  procedure,  no 
frequency  or  power  jumps  occur.  However,  after  the  irradiation  pulse  the 
leakage  current  is  rapidly  decreased^10)  and  the  circuit  Q is  rapidly 
increased  (air  ionization  decay)  so  that  the  RF  amplitude  builds  up 
differently  than  in  the  preirradiation  tuning  and  a different  level  of 
operation  is  possible.  Network  analyzer  measurements  of  the  waveguide 
cavity  from  the  diode  terminals  indicate  a classic  looping  circuit 
impedance  confirming  the  plausibility  of  this  explanation. 

The  effect  of  higher  harmonics,  in  particular  the  second  harmonic, 
has  been  considered  by  Mouthaan^®^  and  Brackett^1*^  among  others.  Harmonic 
content  is  expected  to  increase  with  drive  level  and  one  can  easily  show 
that  the  phasing  of  any  harmonic  of  significant  amplitude,  particularly 
the  second,  can  effect  the  power  output.  ' The  conditions  developed  in 


the  literature  are  difficult  to  invoke  without  a detailed  equivalent 
circuit  at  the  fundamental  and  harmonic  frequencies.  Network  analyzer 
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measurements  up  to  18  GHz  (near  the  second  harmonic  frequency)  indicate 
a difference  between  the  two  sliding  short  positions.  However,  accurate 
characterization  is  difficult  and  has  not  been  accomplished. 

In  summary,  either  (1)  frequency  jumping  due  to  multiple  stable 
operating  points  or  (2)  higher  harmonic  phasing  changes  is  expected  to 
be  a principal  cause  of  the  aftereffects.  Additional  testing,  with 
different  diodes  and  cavities,  is  needed  to  completely  characterize  the 
mechanism. 

3.5  Conclusions 

From  these  experiments  and  our  earlier  work^’^  we  have  concluded 
the  following: 

1.  The  principal  cause  of  the  aftereffects  is  a device-circuit  inter- 
action and  is  related  to  the  RF  circuit  impedance  locus  at  the 
fundamental  frequency^" and/or  the  harmonic  loading  impedance 

at  the  diode. 

2.  The  principal  cause  of  the  aftereffects  is  NOT  the  bias  circuit 

(13) 

impedance  causing  bias  circuit  oscillations,  although  it  is 
believed  that  improper  bias  circuit  impedance  combined  with  after- 
effects can  cause  diode  failure  with  pulses  of  ionizing  radiation. ^ 

3.  The  GaAs  Schottky  diode  is  more  prone  to  the  aftereffects,  with  the 
occurrence  at  power  levels  above  200  miW  and  dose  rates  above 

2 x 10^  rads/sec.  in  the  diode  tested.  The  aftereffects  in  the  Si 
and  G&As  diffused  diodes  only  occurred  with  the  diode  operated 
slightly  below  power  saturation  and/or  spectrum  deterioration  and 
at  the  higher  dose  rates  (<rsi 8 x 10^  rads/sec.). 
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Although  these  conclusions,  obtained  from  experimentally  controlling 
the  aftereffects  for  the  first  time,  enhance  our  understanding  appreciably, 
more  work  is  needed  to  fully  understand  and  control  this  phenomenon.  In 
particular,  we  are  uncertain  why  the  GaAs  Schottky  diode  is  more  prone 
to  the  aftereffects,  as  the  Schottky  junction  itself  behaves  similar  to 
a diffused  junction  under  transient  ionizing  radiation. ^ (See  also 
Section  2.6).  The  demonstrated  effect  of  RF  tuning  in  disc-and-post 
type  cavities  should  be  evaluated  in  other  types  of  waveguide,  coaxial 
and  microstrip  cavities.  The  aftereffects  must  be  measured  and  evaluated 
in  hi-lo  and  lo-hi-lo  high  efficiency  GaAs  diodes  (as  well  as  flat  profile 
GaAs  IMPATTs  as  used  in  this  work)  before  they  are  incorporated  in  high 
performance  radiation  hardened  applications. 
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4.0  SUMMARY  AND  CONCLUSIONS  OF  OVERALL  PROGRAM 

In  this  last  chapter  we  summarize  the  main  results  obtained  during 
the  research  program. 

4.1  Neutron  Radiation  Results 

Au-nGaAs  and  Al-nGaAs  Schottky  barrier  diodes,  fabricated  from  epi- 
taxial and  bulk  material  with  carrier  concentrations  in  the  range  of 
7 x lO1^  to  8 x lO1^  cm-^,  were  exposed  to  fast  neutron  fluences  of 
3.6  x 10^  and  2.2  x lO1'’  n/cm2.  At  neutron  fluences  where  the  reduc- 
tion in  free  carrier  concentration  is  less  than  20$,  the  following  results 
were  obtai  ned : ^2<^  ^ 

1.  The  forward  characteristics  are  slightly  changed  at  the  low  neutron 
fluences.  Typically  the  n factor  changed  from  1.01  before  irradia- 
tion to  1.05  after  irradiation.  The  A1  Schottky  diodes  exhibited 

a smaller  increase  in  the  n factor. 

2.  The  current  flow  in  the  forward  direction  is  due  to  thermionic 
emission  with  the  metal-semiconductor  barrier  height  remaining 
unchanged  after  irradiation. 

3.  The  changes  observed  in  the  I-V  characteristics  at  forward  and  small 
reverse  bias  (less  than  2 volts)  indicate  that  the  density  of  inter- 
face states  changes  with  irradiation.  The  density  of  interface 

states  is  reasonably  approximated  by  a sharp  peak  of  between 
I’j  14  .p  -1 

3 x 10  to  10  cm  eV  located  at  near  the  zero  bias  Fermi  level 
before  irradiation  and  after  the  low  irradiation  the  density  of 
interface  states  changes  by  a factor  of  2 to  5 and  becomes  less  peaked. 
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4.  The  reverse  characteristics  are  greatly  affected  at  the  low  neutron 
fluences.  The  increase  in  reverse  current  was  more  than  an  order  of 
magnitude  for  the  Au  diodes  at  room  temperature.  The  increase  in 
reverse  current  in  A1  diodes  was  less  than  in  the  Au  devices  due  to 
the  higher  initial  reverse  current  because  of  the  lower  barrier 
height. 

5.  The  excess  reverse  current  is  not  due  to  generation-recombination 
with  a constant  lifetime.  The  reverse  current  after  irradiation  is 
strongly  dependent  upon  voltage  and  relatively  temperature  indepen- 
dent. This  characteristic  indicates  that  thermionic  emission  is  not 
the  principal  source  of  the  observed  increase  in  the  reverse  current 
and  that  it  is  due  to  a high  field  effect  process.  Considerations 

of  the  several  possible  field  emissions  processes  showed  that  field 
emission  from  a trap  has  the  appropriate  field  dependence  exhibited 
by  the  data  obtained  and  that  the  trap  energy  for  field  emission 
is  of  the  order  of  0.3  eV. 

6.  The  increase  in  reverse  current  is  higher  in  the  highest  doped 
diodes  which  indicates  that  the  trap  centers  which  cause  the  increase 
in  reverse  current  by  field  emission  are  produced  by  a combination 

of  the  neutron  damage  and  the  doping  in  the  material.  In  the  highest 
doped  diodes,  the  excess  reverse  current  had  almost  the  same  value 
in  the  Au  diodes  as  in  the  A1  diodes  indicating  that  it  is  indepen- 
dent of  the  metal  used  for  forming  the  Schottky  barrier. 
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U.2  Transient  Ionizing  Radiation  Behavior 

Transient  ionizing  radiation  photocurrent  measurements  were  taken 
with  the  gold  and  aluminum  Schottky  diodes  before  and  after  neutron  irra- 
diation in  an  evacuated  chamber.  The  results  support  the  following 
conclusions: 

1.  IMPATT  diode  oscillator  aftereffects  are  definitely  not  a result  of 
the  Schottky  junction  per  se  as  there  were  no  anomalous  aftereffects 
at  the  highest  bias  currents  (200  mA)  and  dose  rates  (8  x 10^ 
rads/sec)  used. 

2.  The  gold  and  aluminum  diodes  have  similar  photoresponse  indicating 
that  the  response  is  not  critically  dependent  on  the  details  of  the 
rectifying  junction.  Further,  the  photoresponse  results  are  in 
substantial  agreement  with  results  in  the  literature  for  diffused 
diodes. 

3.  Neutron  irradiation  does  not  effect  the  photoresponse  of  the  Schottky 
diodes  at  low  neutron  fluences  where  the  depletion  layer  remains 
unchanged.  Oils  is  further  confirmation  that  the  photoresponse  is 
unrelated  to  the  details  of  the  interface  and  is  controlled  by 
photogeneration  of  carriers  in  and  near  the  depletion  region. 

Thus,  Schottky  junction  devices  should  perform  adequately  in 
transient  ionizing  radiation  environments  UNLESS  THERE  ARE  SYNERGISTIC 
EFFECTS  IN  THE  PARTICULAR  APPLICATION. 
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4.3  IMPATT  Diode  Aftereffects 

In  this  work  we  have  been  able  to  control  the  occurrence  of  these 

aftereffects  by  RF  circuit  tuning  and  have  also  been  able  to  control  the 

occurrence  of  bias  circuit  oscillations  by  bias  circuit  tuning.  This  is 

u.e  firso  time  that  results  have  been  reported  with  aftereffects  having 

(21) 

been  experimentally  controlled.  Although  necessary  and  sufficient 

conditions  for  the  aftereffects  are  still  not  known,  the  demonstrated 
relationships  between  IMPATT  diode,  KF  cavity  and  bias  circuit  indicate 
that  transient  ionizing  radiation  can  be  detrimental  to  some  IMPATT 
oscillators  at  dose  rates  above  2 x 10  9 rads/sec. 

In  particular,  the  following  conclusions  have  been  reached: 

1.  Hie  principal  cause  of  the  aftereffects  is  a device-circuit  inter- 
action and  is  related  to  the  RF  circuit  impedance  locus  at  the 
fundamental  frequency  and/or  the  harmonic  loading  impedance  at  the 

diode. 

2.  The  principal  cause  of  the  aftereffects  is  NOT  the  bias  circuit 
impedance  causing  bias  circuit  oscillations,  although  it  is  believed 
that  improper  bias  circuit  impedance  combined  with  aftereffects  can 
cause  diode  failure  with  the  ionizing  radiation  pulse. 

3.  The  GaAs  Schottky  diode  is  more  prone  to  the  aftereffects  with  the 
occurrence  at  power  levels  above  200  mW  and  dose  rates  above 

2 x 109  rads/sec  in  the  diode  tested.  The  aftereffects  in  the  Si  - 

and  GaAs  diffused  diodes  only  occurred  with  the  diode  operated 
slightly  below  power  saturation  and/or  spectrum  deterioration  and 
at  tbs  higher  dose  rates  ( 8 x 109  rads/sec ) . 
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4.  The  principal  cause  of  the  GaAs  Schottky  susceptibility  to  after- 
effects is  NOT  caused  only  by  the  Schottky  junction,  as  photo- 
response evaluations  indicate  similar  results  under  transient 


ionizing  radiation  as  diffused  junctions. 
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SR-52  Calculator  Program  to  Determine  Surface  State  Density 
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Definitions  of  Symbols 
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Area  of  diode  (cm  ) 

l/{l  - exp (-11. 605  vj}J.i/T)J 

Small-signal  capacitance  of  diode  at  voltage  V.  (pF) 

J 

Small- signal  capacitance  of  diode  at  voltage  V . . n (pF) 

J 9 J"-*- 

Peak  junction  electric  field  at  voltage  V.  (v/cm) 

J 

Peak  junction  electric  field  at  voltage  V.  . , (v/cm) 
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» A v4 

■/(*  -1^15 


for  FWD  bias 
for  REV  bias 
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J.d-i 

vj-i,vj 


Av. 


Ideality  factor 
Temperature  (UK) 

Applied  voltage  of  diode  (mV) 

(Vj  + Vj-1}/2  (mV) 

Successive  diode  voltages  for  decade (FWD  bias)  or  1/6  decade 
(REV  bias)  change  in  current  (mV) 

'WD  <"v> 

Image-force  barrier  height  reduction  constant 

(-],  = 1.149  x 10  ^ (eV-cm)'L//2  for  GaAs 

ed 

Optical  dielectric  constant  for  GaAs  = 9.65  x 10-1^  F/cm 
Change  in  barrier  hieght  (meV) 

Zero-bias  electric  field  (v/cm) 


Surface  state  density  (ev~^  ca“^) 


SR-52  50 

User  Instructions 


TITLE  Surface  State  Density  from  I-V  and  C-V  


♦A* 


PAGE OF. 


PROCEDURE 

Enter 

PRo&RArt  f A it  6) 

ENTER 

constants 

f 


5? 


TRW  SYSTEMS  GROUP  IRT  CORPORATION 

ATTN  AARON  H NAREVSKY  RI-2IUU  ATTN  RALPH  K STAHL 

ONE  SPACE  PARK  P-O-  BOX  81087 

REDONDO  BEACH,  CA  90278  SAN  DIEGO,  CA  92138 


LABEL  OOOOOOOOOAJO3LB  0007623701762 


IRT  CORPORATION 
ATTN  JAMES  A NA3ER 
P.O.  BOX  81037 
SAN  DIEGO,  CA  92138 


LABEL  OOOOOOOOOAJO3LB  0007623701762 


DIRECTOR 

DEFENSE  ADVANCED  RSCH  PROD  AGENCY 
ATTN  STU  LTC  ROBERT  P SULLIVAN 
ARCHITECT  BUILDING 
ARLINGTON,  VA.  22209 


DEFENSE  COMMUNICATION  ENGINEER  CENTER 
ATTN  CODE  R320  C W BERGMAN 
i860  WIEHLE  AVENUE 
RESTON,  VA  22090 


JOHNS  HOPKINS  UNIVERSITY 
ATTN  PETER  E PARTRIDGE 
APPLIED  PHYSICS  LABORATORY 
JOHNS  HOPKINS  ROAD 
LAUREL  MD  203 10 


KAMAN  SCIENCE  CORPORATION 
ATTN  DONALD  H BRYCE 
P.O.  BOX  7 1(6 3 

COLORAGO  SPRINGS,  CO  80933 


UNITED  TEC HO LOGIES  CORPORATION 
ATTN  RAYMOND  G GIGUERE 
HAMILTON  STANDARD  DIVISION 
BRADLEY  INTERNATIONAL  AIRPORT 
WINDOSR  LUCAS,  CT  06069 


WESTINGHGOUSE  ELECTRIC  CORPORATION 
ATTN  HENRY  P KALAPACA  M S 3525 
DEFENSE  AND  ELECTRONIC  SYSTEMS  CTR 
P.O.  BOX  1693 

FRIENDSHIP  INTERNATIONAL  AIRPORT 
BALTIMORE,  MD  21203 


WESTINGHOUSE  ELECTRIC  CORPORATION 
ATTN  WILLIAM  E NEWELL 
KSEARCH  AND  DEVELOPMENT  CENTER 
1310  BEULAH  ROAD,  CHURCHILL  BOROUGH 
PITTSBURGH,  PA  15235 


IRT  CORPORATION 
ATTN  R L HERTZ 
P.O.  BOX  81087 
SAN  DIEGO,  CA  92138 


IRT  CORPORATION 
ATTN  LEO  D COTTER 
P.O.  BOX  81087 
SAN  DIEGO,  CA  92138 


CHARU2S  STARK  DRAPER  LABORATORY  INC 
ATTN  RICHARD  G HALTMAIER 
68  ALBANY  STREET 
CAMBRIDGE,  MA  021 39 


CHARLES  STARK  DRAPER  LABORATORY  INC 
ATTN  KENNETH  FERTIG 
68  ALBANY  STREET 
CAMBRIDGE,  Ma  02139 


CHARLES  STARK  DRAPER  LABORATORY  INC 
ATTN  PAUL  R KELLY 
68  ALBANY  STREET 
CAMBRIDGE,  KA  02139 


CINCINNATI  ELECTRON CIS  CORPORATION 
ATTN  C R STUMP 
2630  GLETTALE  - MILFORD  ROAD 
CINCINNATI,  OH  L52LI 


CINCINNATI  ELECTRONICS  CORPORATION 
ATTN  LOIS  HAMMOND 
2630  GLENDALE  - MILFORD  ROAD 
CINCINNATI,  OH  1*521*1 


/ 


COMPUTER  SCIENCES  CORPORATION 
ATTN  RICHARD  H DICKKAUT 
201  LA  VETA  DRIVE  N.E. 
ALBUQUERQUE,  NM  87 108 


CUTLER-HAMMER,  INC. 

ATTN  CENTRAL  TECH  FILES  ANNE  ANTHONY 
AIL  DIVISION 
COMAC  ROAD 

DEER  PARK,  NY  11729 


DIKEOOD  CORPORATION,  THE 
ATTN  L WAYNE  DAVIS 
1009  BRADBURY  DRIVE,  S.E. 
UNIVERSITY  RESEARCH  PARK 
ALBUQUERQUE,  NM  87IO6 


E-SYSTEMS  INC. 

ATTN  LIBRARY  8-50100 
GREENVILLE  DIVISION 
P.O.  BOX  1056 
GREENVILLE,  TX  75401 


EFFECTS  TECHNOLOGY,  INC. 
ATTN  EDWARD  JOHN  STEELE 
5383  HOLLISTER  AVENUE 
SANTA  BARBARA,  CA  93105 


ELECTRONICS  TECHNOLOGY  UBORATORY 
ATTN  R CURRY  (UNCL  ONLY) 
ENGINEERING  EXPERIMENT  STATION 
GEORGIA  INSITUTE  OF  TECHNOLOGY 
ATLANTA,  GA  30332 


EXP  AND  MATH  PHYSICS  CONSULTANTS 
ATTN  THOMAS  M JORDAN 
P.O.  BOX  66331 
LOS  ANGELES,  CA  90066 


FAIRCHILD  CAMERA  AND  INSTRUMENT  CORP 
ATTN  SEC  DEPT  FOR  2-233  DAVID  K MYERS 
464  ELLIS  STREET 
MOUNTAIN  VIEW,  CA  94040 


FAIRCHILD  INDUSTRIES,  INC. 

ATTN  MGR  COUFIG  DATA  AND  STANDARDS 
SHERMAN  FAIRCHILD  TECHNOLOGY  CENTER 
20301  CENTURY  BOULEVARD 
GERMANTOWN,  MO  20767 


SANDIA  LABORATORIES 

ATTN  DOC  CON  FOR  ORG  2110  A HOOD 

P.O.  BOX  5800 

ALBUQUERQUE,  NM  87115 


SANDIA  LABORATORIES 

ATTN  DOC  CON  FOR  ORG  1933  FI.'  COPPAGE 

P.O.  BOX  $300 

ALBUQUERQUE,  NM  87115 


SANDIA  LABORATORIES 

ATTN  DOC  CON  FOR  JACK  V WALKER  5220 

P.O.  BOX  5800 

ALBUQUERQUE,  NM  87115 


SANDIA  LABORATORIES 
ATTN  DIV  5231  JAMES  H REN KEN 
P.O.  BOX  5800 
ALBUQUERQUE,  NM  87115 


SANDIA  LABORATORIES 

ATTN  DOC  CON  FOR  314 1 SANDIA  RPT  COL 

P.O.  BOX  5800 

ALBUQUERQUE,  NM  87115 


U S ENERGY  RSCH  AND  DEV  ADMIN 
ATTN  DOCUMENT  CONTROL  FOR  WS3R 
ALBUQUERQUE  OPERATIONS  OFFICE 
P.O.  BOX  5400 
ALBUQUERQUE,  NM  67115 


CENTRAL  INTELLIGENCE  AGENCY 
ATTN  ALICE  A PADGETT 
ATTN:  RD/SI  RM  5G48  HQ  BLDG 
WASHINGTON,  DC  20505 


UNIVERSITY  OF  CALIFORNIA 

LAWRENCE  LIVERMORE  LABORATORY 

ATTN  DONAIP  J MEEKER  L-545  (CLASS  L -153) 

P.O.  BOX  8o3 

LIVERMORE  CA  94550 


UNIVERSITY  OF  CALIFORNIA 
LAVBENCE  LIVERMORE  LABORATORY 
ATTN  .HANb KRUGER  L-9f  (CLASS  L-94) 
P.O.  BOX  808 
LIVERMORE  CA  94550 


5U 


UNIVERSITY  OF  CALIFORNIA  SAMSO/RS 

LAWRENCE  LIVERMORE  LABORATORY  ATTN  RSSE  LTC  KENNETH  L GILBERT 

ATTN  FREDERICK  R KOVAR  L-31  (CLASS  L -91)  POST  OFFICE  BOX  92960 

P.O.  BOX  803  WORLDWAY  POSTAL  CENTER 

LT VERMORE  CA  9U55O  1x33  ANGELES,  CA  90009 

( REENTRY  SYSTEMS) 


LOS  ALAMOS  SCIENTIFIC  LABORATORY 
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COMMANDING  OFFICER 
NIGHT  DIVISION  IABORATORY 
ATTN  CAPT  ALLAN  S PARKER 
U S ARMY  ELECTRONICS  COMMAND 
FORT  BELVOIE,  VA  22060 


CO:  HANDER 
PICATINNY  ARSENAL 
ATTN  SMUPA-7R-S-P 
DOVER,  NJ  07801 


COMMANDER 
PICATINNY  ARSENAL 
ATTN  SARPA-FO-E  LOUIS  AVRAMI 
DOVER,  NJ  07801 


COMMANDER 
PICATINNY  ARSENAL 
ATTN  smupa-::d-w 
DOVER,  NJ  07801 

COMMANDER 
PICATINNY  ARSENAL 
ATTN  SMUPA-'.D-N-E 
DOVER,  NJ  07801 


COMMANDER 
PICATINNY  ARSENAL 

attn  smupa-;:d-d-r  eeward  j arber 

DO’/ER,  NJ  07801 


COMMANDER 

harry  diamc:::  IABORATORIES 
ATTN  DRXRJ-?.:C  JOHN  A ROSADO 
2300  POWDER  MILL  ROAD 
ADELPHI , MI  20733 


COMMANDER 

HARRY  DIAMOND  LABORATORIES 
attj:  drxdo-:.?  francis  h wimenitz 

2300  POWDER  MILL  ROAD 
AD3IPKI,  ME  20783 


COMMANDER 

HARRY  DIAMOND  LABORATORIES 
ATTN  DRXDO-RB  JOSEPH  R HULETTA 
2800  PCWDER  MILL  ROAD 
ADELPHI , MD  20783 


COMMANDER 

HARRY  DIAMOND  LABORATORIES 
ATTN  DRXDU-R CC  JOHN  E THOMPKIKS 
2800PCWDER  MILL  ROAD 
ADELPHI  MD  20783 


COMMANDER 

HARRY  DIAMOND  LABORATORIES 
ATTN  DRXDO-EM  R BOSTAK 
2800  PCWDER  MILL  ROAD 
ADELPHI  MD  2078 3 


COMMANDER 

HARRY  DIAMOND  LABORATORIES 
ATTN  DRXDO-RBH  PAUL  A CALDWELL 
2800  POWDER  MILL  ROAD 
ADELPHI  MD  20783 


COMMANDER 

HARRY  DIAMOND  LABORATORIES 
ATTN  DRXDO-RB  ROBERT  E MCCOSKEY 
2800  POWDER  MILL  ROAD 
ADELPHI  MD  2078 3 


DIRECTOR 

NATIONAL  SECURITY  AGENCY 
ATTN  TDL 

FT.  GEORGE  G.  MEADE,  MD  20755 


PROJECT  MANAGER 
ARMY  TACTICAL  DATA  SYSTEMS 
ATTN  DRCPN-TDS-SD 
U S ARMY  ELECTRONICS  COMMAND 
FORT  MONMOUTH,  NJ  07703 


PROJECT  MANAGER 
ARMY  TACTICAL  DATA  SYSTEMS 
ATTN  DWAINE  H HUEE 
U S ARMY  ELECTRONICS  COMMAND 
FORT  MONMOUTH,  NJ  07703 


COMMANDER 

RMD  SYSTEM  COMMAND 
ATTN  BDMSC-TEN  NOAH  J HURST 
P.0  BOX  1500 
HUNTSVILLE,  AL  35807 
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COMMANDER 
FRANKFORD  ARSENAL 
ATTM  SARFA-FCD  MARVIN  EUIICK 
BRIDGE  AND  TACONY  STREETS 
PHILADELPHIA,  PA  19137 


COMMANDER 

HARRY  DIAMOND  LABORATORIES 
ATTN  DRXDO-RC  ROBERT  B OSWALD  JR 
2800  POWDER  MILL  ROAD 
ADELPHI  MD  20783 


COMMANDER 

HARRY  DIAMOND  LABORATORIES 
ATTN  CRXDO-TR  EDWARD  E CONRAD 
2800  POWDER  MILL  ROAD 
ADELPHI  MD  20783 


DIRECTOR 

DEFENSE  COMMUNICATIONS  AGENCY 
ATTN  CODE  93O  MONTE  I RUBGETT  JR 
WASHINGTON,  DC  20305 


DEFENSE  DOCUMENTATION  CENTER 
ATTN  TC 

CAMERON  STATION 
ALEXANDRIA,  VA  22314 


DIRECTOR 

DEFENSE  INTELLIGENCE  AGENCY 
ATTN  DS-4A2 
WASHINGTON,  DC  20301 


DIRECTOR 

DEFENSE  NUCLEAR  AGENCY 
ATTN  RAEV 

WASHINTON , DC  20305 


DIRECTOR 

DEFENSE  NUCLEAR  AGENCY 
ATTN  STVL 

WASHINGTON,  DC  20305 


COMMANDER 
FIELD  COMMAND 
ATTN  FCPR 

DEFENSE  NUCLEAR  AGENCY 
KIRTLAND  AFB,  NM  87115 


DIRECTOR 

INTERSERVICE  NUCLEAR  WEAPONS  SCHOOL 
ATTN  DOCUMENT  CONTROL 
KIRTLAND  AFB,  NM  87115 


DIRECTOR 

JOINT  STRAT  TGT  PLANNING  STAFF  JCS 
ATTN  ULTW-2 
OFFUTT  AFB 
OMAHA,  NB  68113 


CHIEF 

LIVERMORE  DIVISION  FLD  COMMAND  DNA 
ATTN  DOCUMENT  CONTROL  FOR  L-395 
LAWRENCE  LIVERMORE  LABORATORY 
P.O.  BOX  808 
LIVERMORE,  CA  94550 
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DIRECTOR 

DEFENSE  NUCLEAR  AGENCY 
ATTN  RATN 

WASHINGTON , DC  20305 


DIRECTOR 

DEFENSE  NUCLEAR  AGENCY 
ATTN  STTL  TECH  LIBRARY 
WASHINGTON,  DC  20305 


DIRECTOR 

DEFENSE  NUCLEAR  AGENCY 
ATTN  CDST 

WASHING TOtC,  EC  20305 


CHIEF 

LIVERMORE  DIVISION  FLD  COMMAND  DNA 
ATTN  FCPRL 

LAWRENCE  LIVERMORE  LABORATORY 
P.O.  BOX  808 
LIVERMORE,  CA  94550 


DIRECTOR 

NATIONAL  SECURITY  AGENCY 
ATTN  ORLAND  0 VAN  GUNTEN  R-425 
FT.  GEORGE  G.  MEADE,  MD  20755 


TRW  SYSTEMS  GROUP 
ATTN  PAUL  MOIMUD  Rl-1196 
ONE  SPACE  PARK 
REEONEO  3EACH,  CA  90278 


J 


TRW  SYSTEMS  GROUP 

ATTN  LILLIAN  D SINGLETAR  Rl-1070 

ONE  SPACE  PARK 

REDONDO  BEACH,  CA  90278 


TRW  SYSTEMS  GROUP 

ATTN  R D LOVELAND  RI-1028 

ONE  SPACE  PARK 

REDONDO  BEACH,  CA  90278 


TRW  SYSTEMS  GROUP 

ATTN  RICHARD  H KTNGSLAND  Rl-2154 

ONE  SPACE  PARK 

REDONDO  BEACH,  CA  90278 


TRW  SYSTEMS  GROUP 

ATTN  H S JENSEN 

SAN  BERNARDINO  OPERATIONS 

P.O.  BOX  1310 

SAN  BERNARDINO,  CA  92402 


TRW  SYSTEMS  GROUP 

ATTN  JOHN  E DAHNKE 

SAN  BERNARDINO  OPERATIONS 

P.O.  BOX  1310 

SAN  BERNARDINO,  CA  92402 


TRW  SYSTEMS  GROUP 

ATTN  EARL  V ALLEN 

SAN  BERNARDINO  OPERATIONS 

P.O.  BOX  1310 

SAN  BERNARDINO, CA  92402 


TEXAS  TECH  UNIVERSITY 

ATTN  TRAVIS  L SIMPSON 

P.O.  BOX  5404  NORTH  COLLEGE  STATION 

LUBBOCK,  TX  79417 


TRW  SYSTEMS  GROUP 

ATTN  ALLAN  AKDERMAN  Rl-1132 

ONE  SPACE  PARK 

REDONDO  BEACH,  CA  90278 


TRW  SYSTEMS  GROUP 

ATTN  A A V.'ITTELES  MS  Rl-1120 

ONE  SPACE  PARK 

REDONDO  BEACH,  CA  90278 


TRW  SYSTEMS  GROUP 

ATTN  A M LIEBSCfRITZ  R1-1I62 

ONE  SPACE  PARK 

REDONDO  BEACH;  CA  90278 


TEW  SYSTEMS  GROUP 

ATTN  TECH  INFO  CENTER  R/S-1930 

ONE  SPACE  PARK 

REDONDO  BEACH,  CA  90278 


TRW  SYSTEMS  GROUP 

ATTN  WILLIAM  H ROBINETTE  JR 

ONE  SPACE  PARK 

REDONDO  BEACH,  CA  90278 


TRW  SYSTEMS  GROUP 
ATTN  JERRY  T LUBELL 
ONE  SPACE  PARK 
REDONDO  BEACH,  CA  90278 


DIRECTOR 

NAVAL  RESEARCH  LABORATORY 
ATTN  CODE  6631  JAMES  C RITTER 
WASHINGTON,  DC  20375 


DIRECTOR 

NAVAL  RESEARCH  LABORATORY 

ATTN  CODE  4004  EMANUAL  L BRANCATO 

WASHINGTON,  DC  20375 


DIRECTOR 

NAVAL  RESEARCH  LABORATORY 
ATTN  CODE  7701  JACK  D BROWN 
WASHINGTON,  DC  20375 


TI RECTOR 

NAVAL  RESEARCH  LABORATORY 
ATTN  CODE  5216  HAROLD  L HUGHES 
WASHINGTON,  DC  20375 


DIRECTOR 

NAVAL  RESEARCH  LABORATORY 
ATTN  CODE  6601  E WOLICKI 
WASHINGTON,  DC  20375 


DIRECTOR 

NAVAL  RESEARCH  LABORATORY 
ATTN  CODE  5210  JOHN  E DAVEY 
WASHINGTON,  DC  20375 
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DIRECTOR 

NAVAL  RESEARCH  LABORATORY 
ATTN  CODE  2627  DORIS  R FOLEN 
WASHINGTON,  DC  20375 


COMMANDER 

NAVAL  SEA  SYSTEMS  COMMAND 
ATTN  SEA-9931  SAMUEL  A BARHAM 
NAVY  DEPARTMENT 
WASHINGTON  DC  20362 


COMMANDER 

NAVAL  SEA  SYSTEMS  COMMAND 
ATTN  SEA-9931  RII£Y  B LANE 
NAVY  DEPARTMENT 
WASHINGTON  DC  20362 


COMMANDER 

NAVAL  SHIP  ENGINEERING  CENTER 
ATTN  CODE  617UD2  EDWARD  F DUFFY 
CENTER  BUILDING 
HYATTSVILLE,  MD  20782 


COMMANDER 

NAVAL  SURFACE  WEAPONS  CENTER 
ATTN  CODE  WA501  NAVY  NUC  PRGMS  OFF 
WHITE  OAK,  SILVER  SPRING,  MD  20910 


COMMANDER 

NAVAL  SURFACE  WEAPONS  CENTER 
ATTN  CODE  431  EDWIN  B DEAN 
WHITE  OAK,  SILVER  SPRING,  MD  20910 


COMMANDER 

NAVAL  SURFACE  WEAPONS  CENTER 
ATTN  CODE  WA50  JOHN  H MALLOY 
WHITE  OAK,  SILVER  SPRING,  MD  20910 


COMMANDER 

NAVAL  SURFACE  WEAPONS  CENTER 

ATTN  CODE  WX21  TECH  LIB 

WHITE  OAK,  SILVER  SPRING,  MD  20910 


BOEING  COMPANY,  THE 
ATTN  AEROSPACE  LIBRARY 
P.O.  BOX  3707 
SEATTLE,  WA  98124 


BOEING  COMPANY,  THE 
ATTN  DAVID  L DYE  M S 87-75 
P.O.  BOX  3707 
SEATTLE,  WA  98124 


BOEING  COMPANY,  THE 
ATTN  HOWARD  W WICKLEIN  MS  17-11 
P.O.  BOX  3707 
SEATTLE,  WA  98124 


BEOING  COMPANY,  THE 
ATTN  ROBERT  S CALDWELL  2R-00 
P.O.  BOX  3707 
SEATTIE,  WA  98124 


BOOZ-ALLEN  AND  HAMILTON,  INC. 
ATTN  RAYMOND  J.  CHRISNER 
106  APPLE  STREET 
NEW  SHREWSBURY  NJ  07724 


CALIFORNIA  INSTITUTE  OF  TECHNOLOGY 

ATTN  A G STANLEY 

JET  PROPULSION  IABORATORY 

4800  OAK  PARK  GROVE 

PASADENA , CA  9U03 


CALIFORNIA  INSTITUTE  OF  TECHNOLOGY 

ATTN  J BRYDEN 

JET  PROPULSION  LABORATORY 

4800  OAK  PARK  GROVE 

PASADENA,  CA  91103 


AEROSPACE  CORPORATION 
ATTN  LIBRARY 
P.O.  BOX  92957 
LOS  ANGELES,  CA  90009 


ANALOG  TECHNOLOGY  CORPORATION 
ATTN  JOHN  JOSEPH  BAUM 
3410  EAST  FOOTHILL  BOULEVARD 
PASADENA,  CA  91107 


AVCO  RESEARCH  AND  SYSTEMS  GROUP 
ATTN  RESEARCH  LIB  A83O  RM  7201 
201  LOWELL  STREET 
WILMINGTON,  MA  01887 


BDM  CORPORATION,  THE 
ATTN  T H NEIGHBORS 
P 0 BOX  9274 
ALBUQUERQUE,  NM  871 19 


BENDIX  CORPORATION,  THE 
ATTN  DOCUMENT  CONTROL 
COMMUNICATION  DIVISION 
EAST  JOPPA  ROAD  - TCWSON 
BALTIMORE,  MD  21204 


BENDIX  CORPORATION,  THE 
ATTN  MAX  FRANK 

RESEARCH  LABORATORIES  DIVISION 
BENDIX  CENTER 
SOUTHFIELD,  MI  48076 


BENDIX  CORPORATION,  THE 

ATTN  MGR  PRGM  DEV  DONALD  J NIEHAUS 

RESERCH  LABORATORIES  DIVISION 

BENDIX  CENTER 

SOUTHFIELD,  MI  48076 


FLORIDA,  UNIVERSITY  OF 
ATTN  D P KENNEDY 
231  AEROSPACE  BLDG 
GAINESVILLE,  FL  326 11 


FRANKLIN  INSTITUTE,  THE 
ATTN  RAMIE  H THOMPSON 
20TH  STREET  AND  PARKWAY 
PHILADELPHIA,  PA  19103 


GARRETT  CORPORATION 

ATTN  ROBERT  E WEIR  DEPT  93-9 

P.0  BOX  92248 

LOS  ANGELES,  CA  90009 


GENERAL  DYNAMICS  CORP. 

ATTN  D N COLEMAN 

ELECTRONICS  DIV  ORLANDO  OPERATIONS 
P.O.  BOX  2566 
ORLANDO,  FL  32302 


GENERAL  ELECTRIC  COMPANY 
ATTN  JOHN  L ANDREWS 
SPACE  DIVISION 
VALLEY  FORGE  SPACE  CENTER 
GODDARD  BLVD  KING  OF  PRUSSIA 
P.O.  BOX  8555 
PHILADELPHIA  PA  19101 


GENERAL  ELECTRIC  COMPANY 

ATTN  JOSEPH  C PEDEN  CCF83OI 

SP  CE  DIVISION 

VALLEY  FORGE  SPACE  CENTER 

GODDARD  BLVD  KINO  OF  PRUSSIA 

P.O.  BOX  855^,  PHILADEIPHIA  PA  19101 


GENERAL  ELECTRIC  COMPANY 
ATTN  LARRY  I CHASEN 
SPACE  DIVISION 
VALLEY  FORGE  SPACE  CENTER 
GODDARD  BLVD  KING  OF  PRUSSIA 
P.O.  BOX  8555 
PHILADELPHIA  PA  19101 

GENRAL  ELECTRIC  COMPANY 
ATTN  JAMES  P SPRATT 
SPACE  DIVISION 
VALLEY  FORGE  SPACE  CENTER 
GODDARD  BLVD  KING  OF  PRUSSIA 
P.O.  BOX  8555 
PHILADELPHIA  PA  19101 


GENERAL  ELECTRIC  COMPANY 

ATTN  JOHN  N PALCHEFSKY 

RE-ENTRY  AND  ENVIRONMENTAL  SYSTEMS  DIV 

P.O.  BOX  7722 

3198  CHESTNUT  STREET 

PHILADELPHIA,  PA  19101 


GENERAL  ELECTRIC  COMPANY 

ATTN  ROBERT  V BENEDICT 

RE-ENTRY  AND  ENVIRONMENTAL  SYSTEMS  DIV 

P.O.  BOX  7722 

3198  CHESTNUT  STREET 

PHILADELPHIA,  PA  19101 


GENERAL  ELECTRIC  COMPANY 
ATTN  JOSEPH  REIDL 
ORDNANCE  SYSTEMS 
100  PLASTICS  AVENUE 
PITTSFIELD,  MA  01201 


GENERAL  ELECTRIC  COMPANY 
ATTN  DASIAC 

TEMP-CENTER  FOR  ADVANCED  STUDIES 
8l6  STATE  STREET  (P.O.  DRAWER  QQ) 
SANTA  BARBARA,  CA  93102 

GENERAL  ELECTRIC  COMPANY 
ATTN  ROYDEN  R RUTHERFORD 
TEMPO=CENTER  FOR  ADVANCED  STUDIES 
8l6  STATE  STREET  (P.O.  DRAWER  QQ) 
SANTA  BARBARA,  CA  93102 


GENERAL  ELECTRIC  COMPANY 
ATTN  M ESPIG 

TEMPO-CENTER  FOR  ADVANCED  STUDIES 
8l6  STATE  STREET  (P.O.  DRAWER  QQ) 
SANTA  BARBARA , CA  93102 
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general  electric  company 

TTN  CSP  0-7  L H DEF 
P.O.  BOX  1122 
SYRACUSE,  NY  13201 


GENERAL  ELECTRIC  COMPANY 
ATTN  JOHN  A ELLERHORST  E 2 
AIRCRAFT  ENGINE  GROUP 
EVENDALE  PLANT 
CINCINNATI  OH  45215 


GENERAL  ELECTRIC  COMPANY 
ATTN  W J PATTERSON  DROP  233 
AEROSPACE  ELECTRONICS  SYSTEMS 
FRENCH  ROAD 
UTICA,  NY  13503 


GENERAL  ELECTRIC  COMPANY 
ATTN  CHARLES  U HEWISON  DROP  624 
AEROSPACE  ELECTRONICS  SYSTEMS 
FRENCH  ROAD 
UTICA,  NY  13503 


GENERAL  ELECTRIC  COMPANY 
ATTN  DAVID  W PEPIN  DROP  l60 
P.O.  BOX  5000 
BINGHAMTON,  NY  13902 


GENERAL  ELECTRIC  COMPANY-TEMPO 
ATTN  WILLIAM  ALFONTE 
ATTN:  DASTAC 

C/0  DEFENSE  NUCLEAR  AGENCY 
WASHINGTON,  DC  20305 


GENERAL  RESEARCH  CORPORATION 
ATTN  ROBERT  D HILL 
P.O.  BOX  3587 
SANTA  BARBARA,  CA  93105 


GTE  SYLVANIA,  INC. 

ATTN  HERBERT  A U LIMAN 
189  B STREET 

NEEDHAM  HEIGHTS,  MA  02194 


GENERAL  RESEARCH  CORPORATION 

ATTN  DAVID  K OSIAS 

WASf{INGT0N  OPERATIONS 

WESTGATE  RESEARCH  PARK 

7655  OLD  SPRINGHOUSE  ROAD,  SUITE  700 

MCCLEAN,  VA  22101 


GRUMMAN  AEROSPACE  CORPORATION 
ATTN  JERRY  ROGERS  DEPT  533 
SOUTH  OYSTER  BAY  ROAD 
BETHPAGE,  NY  11714 


GTE  SYLVANIA  INC. 

ATTN  LEONARD  L BLAISDELL 
ELECTRONICS  SYSTEMS  GRP-EASTERN  DIV 
77  A STREET 
NEEDHAM,  MA  02194 


GTE  SYLVANIA,  INC. 

ATTN  CHARLES  A THORNHILL  LIBRARIAN 
ELECTRONICS  SYSTEMS  GRP-EASTERN  DIV 
77  A STREET 
NEEDHAM,  MA  02194 


GTE  SYLVANIA,  INC. 

ATTN  JAMES  A WALDON 
ELECTRONICS  SYSTEMS  GRP-EASTERN  DIV 
77  A STREET 
NEEDHAM,  MA  02194 


GTE  SYLVANIA,  INC. 

ATTN  PAUL  B FREDRICKSON 
189  B STREET 

NEEDHAM  HEIGHTS,  MA  02194 


GTE  SYLVANIA,  INC. 

ATTN  H AND  V GROUP  MARIO  A NURPFORA 
189  B STREET 

NEEDHAM  HEIGHTS,  MA  02194 


HONEYWELL  INCORPORATED 
ATTN  RONALD  R JOHNSON  A 1622 
GOVERNMENT  AND  AERONAUTICAL 
PRODUCTS  DIVISION 
2600  RIDGEWAY  PARKWAY 
MINNEAPOLIS,  MN  55413 


GTE  SYLVALIA,  INC. 

ATTN  CHARLES  H RAMS  OTTOM 
189  B STREET 

NEEDHAM  HEIGHTS,  MA  02194 

HONEYWELL  INCORPORATED 
ATTN  R J KELL  MS  S2572 
GOVERNMENT  AND  AERONAUTICAL 
PRODUCTS  DIVISION 
2600  RIDGEWAY  PARKWAY 
MINNEAPOLIS,  MN  55^13 

GULTON  INDUSTRIES,  INC. 
ATTN  ENGNMAGNETICS  DIV 
1304 1 CERISE  AVENUE 
HAWTHORNE,  CA  90250 

HONEYWELL  INCORPORATED 

ATTN  HARRISON  H NOBLE  M S 725 -5A 

AEROSPACE  DIVISION 

13350  U.S.  HIGHWAY  19 

ST.  PETERSBURG,  FL  33733 

HARRIS  CORPORATION 
ATTN  T L CLARK  M S 4040 
HARRIS  SEMICONDUCTOR  DIVISION 
P.O.  BOX  883 
MELBOURNE,  FL  32901 

HONEYWELL  INCORPORATED 
ATTN  M S 725-  STACEY  H GRAFF 
AEROSPACE  DIVISION 
13350  U.  S.  HIGHWAY  19 
ST.  PETERSBURG,  FL  33733 

HARRIS  CORPORATION 
ATTN  CARF  F DAVOS  ,S  ; 7-220 
HARRIS  SEMICONDUCTOR  DIVISION 
P.O.  BOX  883 
MELBOURNE,  FL  329OI 

HONEYWELL  INCORPORATED 
ATTN  TECHNICAL  LIBRARY 
RADIATION  CENTER 
2 FORRES  ROAD 
LEXINGTON,  MA  02173 

HARRIS  CORPORATION 
ATTN  WAUME  E ABARE  MS  16-1II 
HARRIS  SEMICONDUCTOR  DIVISION 
P.O.  BOX  883 
MELBOURNE,  FL  329OI 

HUGHES  AIRCRAFT  COMPANY 
ATTN  BILLY  CAMPBELL  M S 6-E-I10 
CENTINELA  AND  TEALE 
CULVER  CITY,  CA  902 30 

HAZELTIME  CORPORATION 
ATTN  TECH  INFO  CTR  M WAITE 
PULASKI  ROAD 
GREEN  LAWN,  NY  11740 

HUGHES  AIRCRAFT  COMPANY 
ATTN  DAN  BINDER  MS  6-0147 
CENTINELA  AND  TEALE 
CULVER  CITY,  CA  902 30 

HUGHES  AIRCRAFT  COMPANY 
ATTN  KENNETH  R WALKER  M S 0157 
CENTINELLA  AND  TEALE 
CULVER  CITY,  CA  902 30 

KAMAN  SCIENCES  CORPORATION 
ATT  ALBERT  P BRIDGES 
P.  0.  BOX  7463 
COLORADO  SPRINGS,  CO  80933 

HUGHES  ARICRAFT  COMPANY 
ATTN-EDWARD  C SMITH  MS  A620 
SPACE  SYSTEMS  DIVISION 
P.O.  BOX  92919 
IOS  ANGELES,  CA  90009 

KAMAN  SCIENCES  CORPORATION 
ATTN  WALTER  E WARE 
P.O.  BOX  7463 

COLORADO  SPRINGS,  CO  80933 
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HUGHES  AIRCRAFT  COMPANY 
ATTN  WILLIAM  W SCOTT  MS 
SPACE  SYSTEMS  DIVISION 
P.O.  BOX  92919 
LOS  ANGLES,  CA  90009 


LITTON  SYSTEMS,  INC. 

ATTN  JOHN  P RETZLER 

GUIDANCE  AND  CONTROL  SYSTEMS  DIVISION 

5500  CANOGA  AVENUE 

WOODUND  HILLS,  CA  91364 


IBM  CORPORATION 
ATTN  FRANK  FRANKOWSKY 
ROUTE  170 
OWEGO,  NY  13827 


LITTON  SYSTEMS,  INC. 

ATTN  VAL  J ASHBY  MS  67 
5500  CANOGA  AVENUE 
WOODLAND  HILLS,  CA  91364 


IBM  CORPORATION 

ATTN  HARRY  MATHERS  DEPT  M4l 

0 WEGO,  NY  13827 


LOCKHEED  MISSILES  AND  SPACE  CO  INC. 
P.O.  BOX  504 
SUNNYVALE,  CA  94088 


ION  PHYSICS  CORPORATION 
ATTN  ROBERT  D EVANS 
SOUTH  BEDFORD  STREET 
BURLINGTON,  MA  OI8O3 


LOCKHEED  MISSILES  AND  SPACE  CO  INC 
ATTN  GEORGE  F HEATH  D/81-14 
P.O.  BOX  504 
SUNNYVALE,  CA  94088 


IRT  CORPORATION 
ATTN  MDC 
P.O.  BOX  81087 
SAN  DIEGO,  CA  92138 


LOCKHEED  MISSILES  AND  SPACE  CO  INC 
ATTN  EDWIN  A SMITH  DEPT  R5-A5 
P.O.  BOX  504 
SUNNYVALE,  CA  94088 


MARTIN  MARIETTA  AEROSPACE 
ATTN  MONA  C GRIFFITH  LIB  MP-30 
ORLANDO  DIVISION 
P.O.  BOX  5837 
ORLANDO,  FL  32805 


LOCKHEED  MISSILES  AND  SPACE  CO  INC. 
ATTN  L ROSSI  DEPT  81-64 
P.O.  BOX  504 
SUNNYVALE,  CA  94088 


MARTIN  MARIETTA  AEROSPACE 
ATTN  WILLIAM  W MRAS  MP-413 
ORLANDO  DIVISION 
P.O  BOX  5837 
ORUNDO,  FL  32805 


MARTIN  MARIETTA  AEROSPACE 
ATTN  JACK  M ASHFORD  MP-537 
OR  UNDO  DIVISION 
ORLANDO,  FL  32805 


LOCKHEED  MISSILES  AND  SPACE  CO  INC 
ATTN  PHILIP  J HART  DEPT  8l-l4 
P.O.  BOX  504 
SUNNYVALE,  CA  94088 


LOCKHEED  MISSILES  AND  SPACE  CO  INC. 
ATTN  BEN  AMIN  T KIMURA  DEPT  8l-l4 
P.O.  BOX  504 
SUNNYVALE,  CA  94088 


MARTIN  MARIETTA  CORPORATION 
ATTN  PAUL  G WASE  MAIL  8203 
DENVER  DIVISION 
P.O  BOX  179 
DENVER,  CO  80201 


IOCKHEED  MISSILES  AND  SPACE  COMPANY 
ATTN  TECH  INFO  CTR  D/COLL 
3251  HANDOVER  STREET 
PALO  ALTO,  CA  94304 


martin  marietta  corporation 

ATTN  RESEARCH  LIB  66 17  JAY  R MCKEE 
DENVER  DIVISION 
P.O.BOX  179 
DENVER,  CO  80201 


MARTIN  MARIETTA  CORPORATION 
ATTN  BEN  T GRAHAM  MS  PO-U5U  8 
DENVER  DIVISION 
P.O.  BOX  179 
DENVER,  CO  80201 


MARTIN  MARIETTA  CORPORATION 

ATTN  J E GOODWIN  MAIL  o452  (UNCL  ONLY) 

DENVER  DIVISION 

P.O.  BOX  179 

DENVER,  CO  80201 


MITRE  CORPORATION,  THE 
ATTN  LIBRARY 
P.O.  BOX  208 
BEDFORD,  MA  01730 


NATIONAL  ACADEMY  OF  SCIENCES 
ATTN  R S SHANE  NAT  MATERIALS  ADVSY 
ATTN:  NATIONAL  MATERIALS  ADVISORY  BOA 

2101  CONSTITUTION  AVENUE 
WASHINGTON,  DC  204l8 


NEW  MEXICO,  UNIVERSITY  OF 
ATTN  W W GRANNEMANN  (UNCLASS  ONLY) 
DEPT.  OF  CAMPUS  SECURITY  AND  POLICE 
1821  ROMA  N.E. 

Albuquerque,  nm  87106 


NORTHROP  CORPORATION 
ATTN  BOYCE  T AHIPORT 
ELECTRONIC  DIVISION 
1 RESEARCH  PARK 

PALOS  VERDES  PENINSULA,  CA  90274 


NORTHROP  CORPORATION 
ATTN  JOHN  M REYNOLDS 
ELECTRONIC  DIVISION 
1 RESEARCH  PARK 

PALOS  VERDES  PENINSUIA,  CA  90274 


LTV  AEROSPACE  CORPORATION 
ATTN  TECHNICAL  DATA  CENTER 
VOUGHT  SYSTEMS  DIVISION 
P.O.  BOX  6267 
DALLAS,  TX  75222 


LTV  AEROSPACE  CORPORATION 
ATTN  TECHNICAL  DATA  CTR 
P.O.  BOX  5907 
DALLAS,  TX  75222 


M.I.T.  LINCOIN  LABORATORY 
ATTN  LEONA  LOUGKUN  LIBRARIAN  A-082 
P.O.  BOX  73 
LEXINGTON,  MA  02173 


MCDONNELL  DOUGLAS  CORPORATION 
ATTN  TECHNICAL  LIBRARY 
POST  OFFICE  BOX  516 
ST.  LOUIS,  MISSOURI  63166 


MCDONNELL  DOUGLAS  CORPORATION 

ATTN  TO  ENDER 

POST  OFFICE  BOX  516 

ST.  LOUIS,  MISSOURI  63166 


MCDONNELL  DOUGLAS  CORPORATION 
ATTN  STANLEY  SCHNEIDER 
5301  BO  ISA  AVENUE 
HUNTINGTON  BEACH,  CA  92647 


MCDONNELL  DOUGLAS  CORPORATION 
ATTN  TECHNICAL  LIBRARY,  Cl-290/36-34 
3855  LAKEWOOD  BOULEVARD 
LONG  BEACH,  CA  90846 


MISSION  RESEARCH  CORPORATION 
ATTN  WILLIAM  C HART 
735  STATE  STREET 
SANTA  BARBARA,  CA  93101 
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NORTHROP  CORPORATION' 

ATTN  VINCENT  R DH-1AHTINO 
ELECTRONIC  DIVISION 
1 RESEARCH  PARK 

PALOS  VERDES  PENINSULA,  CA  90271* 


NORTHROP  CORPORATION 
ATTN  GEORGE  H TOWNER 
ELECTRONIC  DIVISION 
1 RESEARCH  PARK 

PALOS  VERDES  PENINSULA,  CA  90274 


NORTHROP  CORPORATION 

ATTN  ORLIE  L CURTIS  R 

NORTHROP  RESEARCH  AND  TECHNOLOGY  CTR 

3401  WEST  BROADWAY 

HAWTHORNE,  CA  90250 


NORTHROP  CORPORATION 

ATTN  DAVID  N POCUCK 

NORTHROP  RESERCH  AND  TECHNOLOGY  CTR 

3L01  WEST  BROADWAY 

HAWTHORNE,  CA  90250 


NORTHROP  CORPORATION 
ATTN  JOSEPH  D RUSSO 
ELECTRONIC  DIVISION 
2301  WEST  120TH  STREET 
HAWTHORNE,  CA  90250 


PALISADES  INST  FOR  RSCH  SERVICES  INC 
ATTN  RECORDS  SUIE  R VISOR 
201  VARICK  STREET 
NEW  YORK,  NY  10014 


PHYSICS  INTERNATIONAL  COMPANY 
ATTN  DOC  CON  FOR  CHARLES  H STALLINGS 
2700  MERCED  STREET 
SAN  IEANDRO,  CA  94577 


PHYSICS  INTERNATIONAL  COMPANY 
ATTN  DOC  CON  FOR  JOHN  H HUNTINGTON 
2700  MERCED  STREET 
SAN  LEANDRO,  CA  94577 


MISSION  RESEARCH  CORPORATION-SAi!  DIEGO 
ATTN  V A J VAN  LINT 
7650  CONVOY  COURT 
SAN  DIEGO,  CA  92111 


MITRE  CORPORATION,  THE 
ATTN  M E FITZGERALD 
P.O.  BOX  208 
BEDORD,  MA  017 30 


R AND  D ASSOCIATES 
AT  IN  S CLAY  ROGERS 
P.O.  BOX  9695 
MARINA  DEL  REY  CA  90291 


RAYTHEON  COMPANY 

ATTN  GAUANAN  H JOSHI  RADAR  SYS  LAB 
HARTWELL  ROAD 
BEDFORD,  MA  01730 


RAYTHEON  COMPANY 
ATTN  HAROLD  L FLESCHER 
528  BOSTON  POST  ROAD 
SUDBURY,  MA  01 776 


RCA  CORPORATION 
ATTN  GEORGE  J BRUCKER 
GOVERNMENT  AND  COMMERCIAL  SYSTEMS 
ASTRO  ELECTRONICS  DIVISION 
P.O.  BOX  800,  LOCUST  CORNER 
PRINCETON,  NJ  08540 


RCA  CORPORATION 
ATTN  K H ZAININGER 
DAVID  SARNOFF  RESEARCH  CENTER 
W.  WINDSOR  TWP 

201  WASHINGTON  ROAD,  P.O.  BOX  432 
PRINCETON,  NJ  08540 


RCA  CORPORATION 

ATTN  E VAN  KEURKN  13-5-2 

CAMDEN  COMPLEX 

FRONT  AND  COOPER  STREETS 

CAMDEN,  NJ  03012 


POWER  PHYSICS  CORPORATION 
ATTN  MITCHELL  RAKER 
542  INDUSTRIAL  WAY  WEST 
P.O.  BOX  626 
EATONTOWN,  KJ  07724 


ROCKWELL  IirTERNATIONAL  CORPORATION 

ATTN  DENNIS  SUTHERLAND 

ELECTRONICS  OPERATIONS 

COLLINS  RADIO  GROUP 

5225  C AVEirUE  NE 

CEDAR  RAPIDS,  I A 52U06 


ROCKWELL  IirTERNATIONAL  CORPORATION 

ATTN  MILDRED  A BLAIR 

ELECTRONICS  OPERATIONS 

COLLINS  RADIO  GROUP 

5225  C AVENUE  NE 

CEDAR  RAPIDS,  I A 52406 


SANDERS  ASSOCIATES,  INC. 
ATTN  ME  L ATTEL  NCA  1-3236 
95  CANAL  STREET 
NASHUA,  NH  03060 


SCIENCE  APPLICATIONS,  INC. 
ATTN  LARRY  SCOTT 
P.O.  BOX  2351 
LA  JOLLA,  CA  92033 


SCIENCE  APPLICATIONS,  INC. 
ATTN  J ROBERT  BEYSTER 
P.O.  BOX  2351 
LA  JOLLA,  CA  92038 


SCIENCE  APPLICATIONS,  INC. 
ATTN  NOEL  R 3YRN 
HUNTSVILLE  DIVISION 
2109  W.  CLI'.rrON  AVENUE 
SUITE  700 

HUNTSVILLE.  AL  35805 


SCIENCE  A?PLTCATI0NS,  INC. 
ATTN  CHARLES  STEVENS 
2680  HANOVER  STREET 
PALO  ALTO.  DA  9^303 


RENSSELAER  POLYTECHNIC  INSTITUTE 
ATTN  RONALD  J GUTMANN 
P.O.  BOX  965 
TRC" , NY  12181 


RESEARCH  TRIANGLE  INSTITUTE 
ATTN  ENG  DIV  MAYRANT  SIMONS 
P.O.  BOX  12I9L 

RESEARCH  TRIANGLE  PARK,  NC  27709 


ROCKWELL  INTERNATIONAL  CORPORATION 
ATTN  GEORGE  C MESSENGER  F 86 1 
3370  MIRALOMA  AVENUE 
ANAHEIM,  CA  92803 


ROCKWELL  INTERNATIONAL  CORPORATION 
ATTN  JAMES  E BELL  HA 10 
3370  MIRALOMA  AVENUE 
ANAHEIM,  CA  92803 


ROCKWELL  INTERNATIONAL  CORPORATION 
ATTN  K F HULL 
3370  MIRALOMA  AVENUE 
ANAHEIM,  CA  92803 


ROCKWELL  INTERNATIONAL  CORPORATION 
ATTN  DONAL  J STEVENS  FA70 
3370  MIRALOMA  AVENUE 
ANAHEIM,  CA  92803 


ROCKWELL  INTERNATIONAL  CORPORATION 

ATTN  T B YATES 

5701  WEST  IMPERIAL  HIGHWAY 

LOS  ANGELES , CA  90009 


ROCKWELL  INTERNATIONAL  CORPORATION 

ATTN  ALAN  A LANGENFELD 

ELECTRONICS  OPERATIONS 

COLLINS  RADIO  GROUP 

5225  C AVENUE  NE 

CEDAR  RAPIDS,  IA  521*06 
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SIMULATION  PHYSICS,  INC. 
ATTN  ROGER  G LITTLE 
41  "8"  STREET 
BURLINGTON,  MA  01803 


SINGER  COMPANY  (DATA  SYSTEMS),  THE 
ATTN  TECH  INFO  CENTER 
150  TOTU  A ROAD 
WAYNE,  KJ  071*70 


SINGER  COMPANY,  THE 

ATTN  IRWIN  GOLDMAN  ENG  MANAGEMENT 

1150  MC  BRIDE  AVENUE 

LITTLE  FALLS,  NJ  07424 


SPERRY  FLIGHT  SYSTEMS  DIVISION 
ATTN  D ANDREW  SC HON 
SPERRY  RAND  CORPORATION 
P.O.  BOX  21111 
PHOENIX,  AZ  85036 


SPERRY  RAND  CORPORATION 

ATTN  JAMES  A INDA  MS  U1T25 

UNTVA  DIVISION 

DEFENSE  SYSTEMS  DIVISION 

P.O.  BOX  3525  MAIL  STATION  1931 

ST.  PAUL,  MN  55101 

SPERRY  RAND  CORPORATION 

ATTN  CHARLES  L CRAIGEN 

SPERRY  DIVISION 

SPERRY  GYROSCOPE  DIVISION 

SPERRY  SYSTEMS  MANAGEMENT  DIVISION 

MARCUS  AVENUE 

GREAT  NEACK,  NY  11020 


SPERRY  RAND  CORPORATION 

ATTN  PAUL  MARAFFIND 

SPERRY  DIVISION 

SPERRY  GYROSCOPE  DIVISION 

SPERRY  SYSTEMS  MANAGEMENT  DIVISION 

MARCUS  AVENUE 

GREAT  NECK,  NY  11020 


STANFORD  RESEARCH  INSTITUTE 
ATTN  ROBERT  A ARMI STEIN 
333  RAVEN SWOOD  AVENUE 
MENLO  PARK,  CA  94025 


STANFORD  RESERACH  INSTITUTE 
ATTN  PHILIP  I DOLAN 
333  RAVEN SWOOD  AVENUE 
MENLO  PARK,  CA  94025 


STANFORD  RESEARCH  INSTITUTE 
ATTN  MACPHERSON  MORGAN 
306  WYNN  DRIVE,  N.  W. 
HUNTSVILLE,  AL  35805 


SUNDSTRAND  CORPORATION 
ATTN  CURTIS  B WHITE  (NO  CUSS) 
4751  HARRISON  AVENUE 
ROCKFORD,  IL  61101 


S YSTROi.' -DONNER  CORPORATION 
ATTN  HAROLD  D MORRIS 
1090  SAN  MIGUEL  ROAD 
CONCORD,  CA  94518 


SYSTRON -DONNER  CORPORATION 
ATTN  GORDON  R DEAN 
1090  SAN  MIGUEL  ROAD 
CONCORD,  CA  94518 


TEXAS  INSTRUMENTS,  INC. 
ATTN  DONALD  J HANUS  M S 72 
P.O.  SOX  5474 
ULUS,  TX  75222 


MISSION 

of 

Rome  Air  Development  Center 


